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The ability to control light with light at ultralow powers has been a major
avenue of research in photonics with applications to optical communications,
computation, and signal processing. Such light-by-light scattering is achieved
in a medium with a strong light-matter interaction, and for the development
of quantum information networks it is important to demonstrate such effects
near the single-photon level. Alkali-metal vapors such as rubidium (Rb) en-
able strong light-matter interactions due to the large cross section per atom and
well-defined energy level structure, while the use of optical fibers offers the ad-
vantage of possible integration with modern optical communication systems.
Hollow-core photonic band-gap fibers (PBGFs) can combine both these tech-
nologies such that both the atoms and the optical fields are transversely con-
fined to a region that is a few wavelengths in size, which offers the prospect of
exploring few-photon nonlinear interactions.
We generate large optical depths in such a Rb-PBGF system, and the tight
light confinement, high vapor density and long interaction length allow us to
perform nonlinear optics at ultralow power. We demonstrate large signal am-
plification (>100) and frequency conversion using a four-wave mixing process
with onlymicrowatts of pump power. This is, to our knowledge, the largest gain
observed at such low power. We perturb the coherence of this four-wave mix-
ing to demonstrate all-optical modulation at unprecedented bandwidths (300
MHz) for an atomic-vapor system, with an energy density of only tens of pho-
tons per atomic cross-section, comparable to that achieved in more elaborate
setups based on cold-atomic clouds. We then demonstrate an enhancement of
several orders of magnitude in degenerate two-photon absorption in our Rb-
PBGF system over that achieved in bulk vapor cells in a focused beam geome-
try. This allows us to directly measure two-photon absorption from a beam by
detecting its intensity on a photodiode.
Further, employing a near-resonant, non-degenerate two-photon transition
in Rb, we demonstrate all-optical intensity modulation with just a few photons
(<20), or only a few attojoules of energy, at relatively large bandwidths (50
MHz) for such a sensitive scheme. This result takes us to within an order of
magnitude of single-photon switching, and improves upon previous experi-
ments for freely propagating optical fields, including those in cold-atoms. Fi-
nally, we produce relatively large cross-phase shifts of a few milliradians on
a meter beam with <20 signal photons by tuning slightly away from resonance
on the same non-degenerate two-photon transition. This corresponds to a phase
shift of 0.3 milliradian per photon, with a fast response time of <5 ns. This rep-
resents, to our knowledge, the largest such nonlinear phase shift induced in a
single-pass through a room temperature medium. Our Rb-PBGF system can
thus potentially be employed to realize weak-nonlinearity based quantum com-
putation and quantum non-demolition measurement of photon number.
Through these experiments, we show the potential of a Rb-PBGF system for
exploring quantum nonlinear optics at ultralow powers. Moreover, our sys-
tem is simpler and easier to control and manipulate than setups based on cold
atomic clouds and/or high-finesse cavities, and holds promise for integration
with fiber-optic communication networks.
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1.1 Rubidium D1 line. (a) Transmission of a weak laser beam
through a Rb vapor cell at room temperature (300 K) as it is
scanned across the D1 resonance ( = 795 nm). Red arrows in-
dicate 85Rb transitions while blue arrows indicate 87Rb transi-
tions. The Doppler broadening at room temperature (500MHz)
is much greater than the natural linewidth (6 MHz) of the D1
line determined by the lifetime of the excited state (27 ns). (b)
Energy levels for the D1 transition. The ground 5S 1=2 state is
dipole-coupled to the excited 5P1=2 state yielding a strong elec-
tronic transition. The ground 5S 1=2 state is hyperfine split into
two levels due to the interaction between the electron spin and
nuclear spin (F denotes the total spin). The splitting is differ-
ent for the two isotopes. The two ground levels are not dipole-
coupled to each other and can have long lifetimes (s - ms). At
room temperature, an equal proportion of atoms are found in the
two ground levels. The excited state is also split into two levels
due to the hyperfine interaction. . . . . . . . . . . . . . . . . . . . 6
1.2 Different geometries for light-matter interactions. (a) Light is fo-
cussed free-space into a bulk vapor cell containing hot or cold
atoms. The light is focussed to a small mode area and high in-
tensity for only a length Ld f , the Rayleigh diffraction length. (b)
Light intensity is enhanced in a high-finesse cavity containing
atoms trapped between its two mirrors. When the wavelength
of light is resonant with the cavity, it bounces back and forth be-
tween the two mirrors and the intensity is enhanced by a factor
of the finesse. The interaction length in the medium is also in-
creased due to the multiple round trips. (c) Light is confined to a
waveguide with a small mode area, with the atoms also present
throughout the length of the waveguide. In this geometry, the
light intensity can be enhanced for a length much greater than
the Rayleigh diffraction length for a focused beam of a similar
spot size. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.3 AIR-6-800 fiber from NKT Photonics. (a) Transmission electron
microscope image of the cross section of the fiber used in these
experiments. The core diameter is 6 m and the fundamental
mode area is 10 m2 for the guided optical field. Rubidium va-
por is generated in the central core region, which then interacts
with the light fields coupled into the core of the fiber. (b) Spectral
attenuation of the fiber [64]. The fiber guides light with low loss
in the 740-810 nm range, encompassing wavelenghts of the D1,
D2 and two-photon transitions of Rb probed in our experiments. 12
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1.4 Evolution of the Rb-PBGF chamber design. (a) First generation
chamber. A 30-cm PBGF links two UHV cells. The Rb source
is attached to one of the cells. This chamber design was used for
the four-wavemixing experiment discussed in chapter 2. (b) Sec-
ond generation chamber. 3-cm PBGFs are mounted on a holder
inside a UHV chamber with a Rb source attached. This chamber
design was used for all-optical modulation of four-wave mix-
ing discussed in chapter 3. (c) Third generation chamber. 9-cm
PBGFs are mounted inside a UHV chamber with a Rb source at-
tached. On one side of the stainless steel UHV chamber, a cylin-
drical glass tube is attached that provides optical access to all
sides of the fiber. This chamber design was used for experiments
probing the two-photon transitions of Rb discussed in chapters
4, 5 and 6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.5 Generation of Rb vapor inside the PBGF core [46, 67]. Under
steady-state conditions, the Rb atoms inside the PBGF core are all
stuck to the inside walls of the fiber forming nanoclusters (bot-
tom left). A strong vapor-generation beam at 805 nm (far de-
tuned from the atomic transitions of Rb) coupled into the PBGF
heats and evaporates the adsorbed nanoclusters, creating a va-
por of Rb atoms in the core (top right). The vapor density in the
core is set by the generation beam power and duration. . . . . . . 16
2.1 FWM in a nonlinear

(3)

medium. Four different electromag-
netic field modes (E1, E2, E3 and E4) can mix and exchange en-
ergy with each other while propagating through a medium with
a third-order nonlinearity

(3)

. The field modes E1, E2, E3 and
E4 can differ in frequency (energy), wave-vector (propagation di-
rection) and/or polarization. As an example, the figure shows
three input fields that undergo a nonlinear interaction and gen-
erate a fourth field at the output. Alkali vapors such as Rb can
yield large (3) values, many orders of magnitude larger than
typical solid-state media. . . . . . . . . . . . . . . . . . . . . . . . 19
2.2 Energy-level diagram of the double-lambda FWM scheme.
Pump fields of Rabi frequency 
1 and 
2 mix with the signal
field Es and the generated corresponding idler field Ei. Pump 
1
is on resonance while 
2 is blue-detuned from the excited state
by . The signal field is detuned from the excited state by 0,
and thus from the two-photon Raman resonance by  = 0   .
This generates an idler field Ei which is detuned from its Raman
resonance by  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
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2.3 Level scheme for four-wave mixing in 85Rb on the D1 line. One
pump is blue detuned by 1 GHz from the F = 2 ! F0 = 3 transi-
tion while the other pump is tuned between the F = 3 ! F0 = 2
and F = 3 ! F0 = 3 transitions. A slight population imbalance
( 5%) between the two ground states F = 2 and F = 3 is created
within the transit time of the atoms across the fiber core. The
signal field Es acquires gain as a result of the FWM process and
a corresponding idler field Ei is generated. . . . . . . . . . . . . . 22
2.4 Experimental setup for observing ultralow power FWM. Pump
fields 
1 and 
2 are combined with a cross-polarized signal field
on a polarizing beam splitter (PBS), and propagate collinearly
through the PBGF. The fiber is sealed to two vacuum cells, the
left-most of which contains Rb vapor which enters the core of
the fiber and attaches to the fiber walls. The vapor density is
controlled by a counter-propagating vapor-generation beam of
a chosen duration and power. The signal and idler fields are
separated from the pump fields at the output by a polarizing
beam splitter (PBS), and from each other by an etalon. . . . . . . 24
2.5 Ultralow power FWM. (a) Signal transmission through the fiber
as its frequency is scanned across the D1 line after generation of
a dense Rb vapor (OD = 20). (b) Idler power versus frequency
as detected while scanning the signal detuning. The input signal
power is 6 nW and the total pump power in the fiber is 15 W.
50% signal-to-idler frequency conversion is observed. (c) Gain
(6 at two-photon resonance) experienced by the signal field as
a function of detuning. . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.6 Large amplification over wide bandwidth. Signal gain versus
two-photon Raman detuning for Rb vapor generated from a 2.5-
s vapor-generation pulse (corresponding to an OD  40 in the
fiber). Gain of more than 100 is observed. The input signal
power is 1 nW and the total pump power in the fiber is 36
W. Inset: The nonlinear susceptibility bandwidth can exceed
300 MHz and thus the system can amplify pulses as short as 500
ps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.7 Level scheme for off-resonant FWM in 85Rb on the D1 line. A
single degenerate pump (
) is used, which is blue detuned by 1
GHz from the F = 2 ! F0 = 3 transition (and hence 4 GHz from
the F = 3 ! F0 = 3 transition). The pump, signal (Es) and idler
(Ei) are all far enough detuned to eliminate any absorption losses. 29
2.8 Observation of off-resonant FWM. Signal gain versus two-
photon Raman detuning for FWM with degenerate pumps. The
input signal power is 4 nW and the total pump power in the fiber
is 18 W. An OD  20 is attained in the fiber. Inset: The nonlinear
susceptibility bandwidth exceeds 500 MHz. . . . . . . . . . . . . 30
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3.1 Perturbation of ground state coherence via an external field. The
double lambda FWM process involving the two pump fields
1;2
and the signal (Es) and idler (Ei) fields sets up a spatially vary-
ing coherence between the two ground states j1i and j2i in the
medium. An external switching field Esw can perturb this coher-
ence leading to a change in the transmission of the signal and
idler fields. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2 All-optical modulation of FWM. A switching field Esw induces
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3.4 Experimental setup for observing all-optical modulation of
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vapor-generation beam generates the desired vapor density and
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3.5 All-optical intensity modulation. FWM modulation at 500 Hz
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CHAPTER 1
INTRODUCTION
The ability to control light with light at ultralow powers has been a major
avenue of research in photonics with applications to optical communications,
computation, and signal processing [1, 2, 3, 4, 5]. The total energy per logic
operation for current electronic transistors are at the femtojoule level and for
all-optical logic to compete, efficient optical devices operating at the level of
only hundreds of photons or below need to be developed [6]. Such light-by-
light scattering, where one light beam induces changes in the amplitude and/or
phase of another light beam, is achieved in a nonlinear medium with a strong
light-matter interaction. It is also critical to demonstrate such nonlinear optical
effects near the single-photon level for quantum information applications [7, 8].
Consequently, there is considerable interest in developing systems with high
optical nonlinearities in geometries that enhance the light intensity by tight con-
finement of the optical mode.
1.1 Ultralow power nonlinear optics for quantum information
Performing nonlinear optics near the single-photon level is critical to the de-
velopment of quantum networks [9, 10] and to fundamental studies of quan-
tum electrodynamic (QED) effects [11, 12, 13]. Various nonlinear and quantum-
optical techniques are being explored to solve problems in optical information
processing, such as the realization of efficient all-optical switches [14, 15, 16,
17, 18], all-optical quantum computing gates [10, 19, 20], and quantum non-
demolition (QND) measurements [21, 22, 23, 24].
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Single-photon switches, where one photon controls the passage of another
photon though a medium, may have useful applications in the development of
quantum information networks. For example, the presence of one photon may
cause another photon to be absorbed in a medium which is otherwise trans-
parent to that photon. Such a system that absorbs two photons when they are
simultaneously present but not each one separately has been theoretically pro-
posed in an atomic vapor medium employing resonant nonlinearities and quan-
tum interference [18]. This may have applications in the processing of quan-
tum entangled states, such as the generation of three-fold entangled or GHZ
states [25].
A strongly two-photon absorbing medium that absorbs two photons but not
one can also be used to suppress failure events in a linear-optics approach to
quantum computing [26], due to the quantum Zeno effect [19]. Such a medium
would also allow the construction of deterministic universal logic gates for
quantum computation, like the
p
(SWAP) and controlled-NOT (cNOT) gates,
using simple elements like evanescently-coupled optical fibers without the need
for ancilla photons or high-efficiency detectors [19]. Photons can also be made
to behave as fermions in such a system, in addition to their normal bosonic char-
acter, leading to a new paradigm for quantum computation [19]. Further, even
heralded single photon sources can be built using such media with large two-
photon absorption [27]. Classical logic gates and all-optical switches can also be
implemented using these same concepts [28].
The ability to measure properties of a light field without destroying it (non-
demolition measurement) is a key requirement of many quantum communica-
tion and computation protocols. A medium with a large third-order nonlinear-
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ity can be employed for QND measurement of photon number via the optical
Kerr effect [29]. A probe wave propagating through the medium gets a non-
linear optical phase shift proportional to the intensity, or number of photons,
of a signal wave. By measuring the phase of the probe at the output through
balanced homodyne detection, the signal photon number can be determined.
It has been proposed that an exceptionally strong Kerr medium, such that
a single-photon in the signal wave causes a -radian phase shift of the probe
wave, can be used to build a quantum-optical Fredkin gate [30]. Such an optical
Fredkin gate would be a reversible logic gate that dissipates no energy, closely
related to the universal cNOT gate in quantum computing. Based on this idea, it
was also shown that an all-optical simple quantum computer, capable of solving
Deutsch’s problem [31], can be built out of such highly nonlinear media [32].
Although the feasibility of realizing a single-photon -phase shift remains
in doubt [33], weaker Kerr nonlinearities that mediate interaction between pho-
tons through a strong coherent light field may also have useful applications in
quantum optical information processing. A unified approach to quantum com-
munication and computation has been recently proposed employing QNDmea-
surements of photons and robust distribution of quantum information through
intense laser fields [34]. Such a protocol may be more feasible in terms of prac-
tical resources and the potential for scalability to many qubits.
All the above mentioned approaches require the realization of systems that
can achieve measurable nonlinearities at the single-photon level and the de-
velopment of schemes that can optimally exploit their nonlinear response, i.e.
where the frequencies of the interacting light modes and the energy levels of the
medium facilitate strong light-matter coupling [16, 18, 24, 35]. In view of this,
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resonant nonlinearities in atomic vapors is a natural choice for exploring optical
interactions at ultralow power.
1.2 Alkali vapors: Rubidium
In order to reach the single-photon limit, it is important to develop systems
capable of generating ever-higher effective nonlinearities. A number of features
are required in order to create a strong coherent nonlinear response in an atomic
medium at very low photon numbers. One is a strong coupling between the
light and the atomic medium. This can be achieved by maximizing g
p
OD=,
where g is the atom-field coupling constant in units of angular frequency, OD =
- log(T ) is the optical depth experienced by the spatial light mode, T is the on-
resonance transmission, and  is the excited-state radiative decay rate. Another
desired feature is a long spin coherence time, which requires management of
various decoherence mechanisms including magnetic fields, inelastic collisions,
and radiation trapping.
Alkali vapors are promising media for exploring ultralow power nonlinear
optical interactions due to the large cross-section per atom, well-defined energy
level structure, long interaction times, and the large optical depths (ODs) that
can be achieved [36]. A number of interesting quantum and low-light level
effects have been proposed and observed in such vapors, such as storage and
retrieval of quantum states [37], switching at low photon number [16], quantum
non-demolition (QND) measurements [11], and quantum noise correlations [38,
39].
Alkali metals are hydrogen-like elements belonging to Group 1 of the peri-
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odic table with a single valence electron in the outermost shell. The inner shell
electrons shield the outermost electron from the field of the atomic nucleus, re-
sulting in a loosely bound valence electron. The outermost electron can thus
be readily lost in chemical reactions, making alkali metals highly reactive even
in standard ambient environments. Additionally, the small value of the atomic
electric field at the outermost electron makes the atom easily polarizable un-
der externally applied fields. With modest light intensities, one can make the
external electric field approach the internal atomic electric field giving rise to
nonlinearities in the optical response [40].
Rubidium (Rb, atomic number 37) lies below potassium and above cesium in
the alkali-metal group. It has two naturally occurring isotopes, 85Rb and 87Rb in
the ratio 72% and 28%, respectively. The primary electronic transitions (D1 and
D2 lines) are resonant for light with wavelengths near 800 nm, where stable,
low-noise, narrow-linewidth continuous-wave (CW) lasers are available. The
oscillator strengths of these transitions are near unity, signifying a large atom-
light coupling [36]. Moreover, Rb has a melting point near 40C resulting in a
large vapor pressure at room temperature (10 6 torr at 33C) [36]. This enables
one to generate large vapor densities of Rb at modest temperatures. However,
the high reactivity of atomic Rb makes it challenging to handle it in vapor form,
and the use of ultra-high vacuum (UHV) chambers becomes necessary.
Fig. 1.1(a) shows the absorption spectrum of the Rb D1 line. The transmission
of a weak laser beam though a Rb vapor cell near room temperature is measured
as it is scanned across the D1 resonances at  = 795 nm. The Doppler broadening
at room temperature (500 MHz) is much greater than the natural linewidth
(6 MHz) of the D1 line determined by the lifetime of the excited state (27 ns).
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Figure 1.1: Rubidium D1 line. (a) Transmission of a weak laser beam
through a Rb vapor cell at room temperature (300 K) as it
is scanned across the D1 resonance ( = 795 nm). Red arrows
indicate 85Rb transitions while blue arrows indicate 87Rb tran-
sitions. The Doppler broadening at room temperature (500
MHz) is much greater than the natural linewidth (6 MHz)
of the D1 line determined by the lifetime of the excited state
(27 ns). (b) Energy levels for the D1 transition. The ground
5S 1=2 state is dipole-coupled to the excited 5P1=2 state yielding a
strong electronic transition. The ground 5S 1=2 state is hyperfine
split into two levels due to the interaction between the electron
spin and nuclear spin (F denotes the total spin). The splitting
is different for the two isotopes. The two ground levels are not
dipole-coupled to each other and can have long lifetimes (s -
ms). At room temperature, an equal proportion of atoms are
found in the two ground levels. The excited state is also split
into two levels due to the hyperfine interaction.
Fig. 1.1(b) shows the atomic energy levels involved in the D1 transition. The
ground 5S 1=2 state is dipole-coupled to the excited 5P1=2 state yielding a strong
electronic transition. The ground 5S 1=2 state is hyperfine split into two levels
due to the interaction between the electron spin and nuclear spin (F denotes
the total spin). The F numbers are different for the two isotopes because of
the difference in their nuclear spin values (5/2 for 85Rb and 3/2 for 87Rb). The
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splitting is 3.0 GHz for 85Rb and 6.8 GHz for 87Rb. The two ground levels are
not dipole-coupled to each other and can have long lifetimes (s - ms). At room
temperature, an equal proportion of atoms are found in the two ground levels.
The excited state is also split into two levels due to the hyperfine interaction.
Similarly, the Rb D2 line at  = 780 nm represents a strong dipole-allowed
electronic transition coupling the ground 5S 1=2 state to the excited 5P3=2 state.
The spectroscopic properties of the D2 line are similar to the D1 line except for
the excited state hyperfine structure [36]. In addition to these two primary
transitions, experiments reported in this thesis also employ the higher-order
5S 1=2 ! 5D5=2 two-photon transition at  = 778 nm, and also the 5P3=2 ! 5D5=2
dipole-allowed transition at  = 776 nm (refer to appendix for a detailed energy
level structure of Rb).
1.3 Geometries for light-matter interactions
The strength of nonlinear optical interactions is proportional to the nonlinearity
of the medium and the intensity of the light fields. The effective nonlinearity
of the medium scales with the density of scatterers (atoms) N and the light-
scattering cross-section sc of each scatterer. The intensity of light is given by
I = P=A, where P is the power and A is the mode area of the optical field in the
medium. Thus the strength of nonlinear interactions typically depends on the
parameter NscL=A, where L is the length of the medium. Alkali atoms like Rb
have some of the largest possible values of sc  32=2, where  is the wave-
length of light resonant with an atomic transition. The atom-photon interaction
will be highest (g  1) when the mode area A approaches sc. Different geome-
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tries of light-matter interaction can be designed in order to maximize L=A, and
hence the nonlinear response, as shown in Fig. 1.2.
The simplest way to enhance the light intensity is to just focus a free-space
beam into a vapor cell that may contain either thermal atoms or laser-cooled
atoms [see Fig. 1.2(a)]. However, the intensity is enhanced only for the region
where the beam remains focussed, which is given by the Rayleigh diffraction
length Ld f ' w2=, where w is spot size at the focus and  is the wavelength.
For a beam waist w  3 m, Ld f  40 m for   800 nm. This is a very small
interaction length. Thus, typical experiments in bulk vapor cells have required
significant power levels to see measurable effects.
Another way to enhance light-matter interaction is to use a high-finesse cav-
ity [see Fig. 1.2(b)]. When the wavelength of light is resonant with the cav-
ity, it bounces back and forth between the two mirrors and the intensity is
enhanced by a factor of the finesse. The interaction length in the medium is
also increased due to the multiple round trips. However, there are many prac-
tical issues in dealing with cavities. One has to trap the atoms in the small
modal volume of the cavity, which is highly non-trivial. A large finesse results
in a small cavity bandwidth making it very difficult to match it to the atomic
transitions. The input-output coupling losses are also typically large due to
mode matching problems between the free-space beam and the cavity mode.
Although some ground-breaking experiments have been done in cavity-QED
systems [12, 13, 41, 42], the technology involved is extremely elaborate and com-
plicated with scalability being a major issue.
A third approach to enhance light-atom interactions, which we choose to
employ in our experiments, is to confine light to a waveguide structure [see
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Figure 1.2: Different geometries for light-matter interactions. (a) Light is
focussed free-space into a bulk vapor cell containing hot or cold
atoms. The light is focussed to a small mode area and high in-
tensity for only a length Ld f , the Rayleigh diffraction length. (b)
Light intensity is enhanced in a high-finesse cavity containing
atoms trapped between its two mirrors. When the wavelength
of light is resonant with the cavity, it bounces back and forth be-
tween the twomirrors and the intensity is enhanced by a factor
of the finesse. The interaction length in the medium is also in-
creased due to the multiple round trips. (c) Light is confined
to a waveguide with a small mode area, with the atoms also
present throughout the length of the waveguide. In this ge-
ometry, the light intensity can be enhanced for a length much
greater than the Rayleigh diffraction length for a focused beam
of a similar spot size.
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Fig. 1.2(c)] where the vapor interacts either with the evanescent tail of the
guided mode [43, 44, 45] or inside a hollow guiding structure [46, 47]. Such
a geometry has the benefit of increasing the atom-photon coupling g while per-
mitting interactions over a length much greater than the Rayleigh length of a
similar-sized focused spot size. Mode diameters of a few microns can be main-
tained over centimeters of interaction length, greatly enhancing the nonlinear
response. Moreover, one can work with freely propagating fields without the
associated issues of cavities. Such a system also holds promise for integration
with fiber-optic communication networks [48]. Furthermore these systems can
utilize typical methods for magnetic field control and inherently suppress ra-
diation trapping due to their high aspect ratio [49, 50]. Although short spin
coherence times can be an issue due to the brief transit time across the beam
cross-section, it may be possible to ameliorate the problem by trapping the va-
por [51, 52], by applying a coating to walls of the system cell [53], or by using a
buffer gas [54].
1.4 Hollow-core photonic bandgap fibers
Optical waveguides such as photonic band-gap fibers (PBGFs) with a hollow
core [see Fig. 1.3(a)] allow various gases to be injected into the core and interact
with single-mode optical fields [24, 55, 56, 57, 58, 59, 46, 60]. PBGFs consist of a
Bragg structure surrounding an empty core, typically a fewmicrons in diameter.
The core supports guided mode propagation for many tens of meters. This
architecture confines both the atoms and photons to a small transverse area,
which permits weak fields to interact strongly with the atoms over a length
that is much larger than the Rayleigh diffraction length for a focused beam of a
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similar spot size.
The concept of a photonic bandgap is exactly analogous to the energy
bandgap that arises for electron transport in a periodic crystal. The atomic lat-
tice for the electronic case is replaced by a periodic refractive index variation
for the photonic case. Using this principle, it was proposed [61] and demon-
strated [62] that light can be guided in a low-index region surrounded by a
Bragg structure. Hollow-core PBGFs are made using the stack and draw tech-
nique where hollow glass capillaries are stacked together, seven capillaries from
the center are removed and the remaining structure is fused and drawn into
fibers. The drawn fibers maintain the aspect ratio of the original structure and
display a bandgap determined by the spacing (pitch) of the air-holes and the
refractive index contrast. These fibers can also be dispersion-engineered and
show very low nonlinearities from the silica structure itself because most of the
light (> 92%) is confined to the hollow core [63].
The specific PBGF that we use for our experiments is the AIR-6-800manufac-
tured by NKT Photonics [64]. The fiber guides light with low loss and a funda-
mental mode area 10 m2 in the 740-810 nm range, encompassing wavelenghts
of the D1, D2 and two-photon transitions of Rb probed in our experiments [see
Fig. 1.3]. Rb vapor is generated in the central core region, which then interacts
with the light fields coupled into the core of the fiber.
The ability to generate large optical depths of Rb vapor inside of a hollow-
core photonic band-gap fiber (PBGF) has been demonstrated previously by our
group [46, 65]. A strong off-resonant light field causes Rb nanoclusters adsorbed
on the inside walls to evaporate [66, 67], generating a vapor in the core that can
interact with guided fields present in the fiber. However, the tight confinement
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Figure 1.3: AIR-6-800 fiber fromNKT Photonics. (a) Transmission electron
microscope image of the cross section of the fiber used in these
experiments. The core diameter is 6 m and the fundamental
mode area is 10 m2 for the guided optical field. Rubidium
vapor is generated in the central core region, which then in-
teracts with the light fields coupled into the core of the fiber.
(b) Spectral attenuation of the fiber [64]. The fiber guides light
with low loss in the 740-810 nm range, encompassing wave-
lenghts of the D1, D2 and two-photon transitions of Rb probed
in our experiments.
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of thermal atoms and photons give rise to additional spectroscopic features such
as transit-time broadening that must be taken into account [68]. The next section
describes our Rb-PBGF system in a bit more detail.
1.5 The Rb-PBGF system
Our Rb-PBGF system basically consists of an ultra-high vacuum (UHV) cham-
ber with a Rb source attached, inside of which one or more PBGFs are mounted.
There are glass windows on each side to couple into and out of either end of
the fiber(s). The details of the preparation of the UHV chamber have been de-
scribed previously [67]. After initial bake-out of the chamber at 150-200C for
3-4 days to reach a background pressure <10 8 torr, an ampoule of Rb sitting
inside a steel appendage (cold-finger) to the chamber is broken. Thereafter, the
chamber is kept at 80-85C and the Rb cold-finger is kept at 50-55C for 1-2
weeks. During this time, the chamber ”ripens” i.e. Rb atoms attach themselves
to the inner surfaces of the chamber by chemically reacting with every avail-
able adsorbed oxygen or water molecule and any dangling OH-bonds. Once
every reactive site has been covered, only then will a stable, ambient Rb vapor
form in the chamber [69]. Once the vapor density (monitored through a weak
laser scanning across the absorption lines) reaches a steady state value, the tem-
perature of the chamber and cold-finger are brought down to 60C and 40C
respectively for normal operation. Atoms from the ambient Rb vapor then start
diffusing down the hollow core of the PBGF. Most of these atoms attach them-
selves to the inner silica walls forming Rb nanoclusters [66, 67], such that there
is no Rb vapor inside the fiber core under steady state conditions.
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Figure 1.4: Evolution of the Rb-PBGF chamber design. (a) First genera-
tion chamber. A 30-cm PBGF links two UHV cells. The Rb
source is attached to one of the cells. This chamber design
was used for the four-wave mixing experiment discussed in
chapter 2. (b) Second generation chamber. 3-cm PBGFs are
mounted on a holder inside a UHV chamber with a Rb source
attached. This chamber design was used for all-optical mod-
ulation of four-wave mixing discussed in chapter 3. (c) Third
generation chamber. 9-cm PBGFs are mounted inside a UHV
chamber with a Rb source attached. On one side of the stain-
less steel UHV chamber, a cylindrical glass tube is attached that
provides optical access to all sides of the fiber. This chamber
design was used for experiments probing the two-photon tran-
sitions of Rb discussed in chapters 4, 5 and 6.
14
The design of the Rb-PBGF chamber has been revised a couple of times since
the initial setup [see Fig. 1.4]. The first generation chamber consisted of a long
30-cm fiber connecting two separate UHV chambers, one of which has a Rb
source attached. The motivation for such a design was to have a long interac-
tion length without having to ripen a large chamber [67]. This chamber design
was used for the four-wave mixing experiment discussed in chapter 2. How-
ever, the epoxy seals connecting the fiber from atmosphere to vacuum at the
two chambers were always a potential threat for a leak and limited the ultimate
vacuum quality, and hence the chamber lifetime and optical depths achieved.
Additionally, the Rb vapor was found to diffuse no more than 1 cm into the
fiber core, rendering such long fiber lengths useless [70]. The second gener-
ation chamber was a much simpler single-cell design, inside which multiple
PBGFs (3-cm length) could be mounted on a holder. This chamber design was
used for all-optical modulation of four-wave mixing discussed in chapter 3. A
smaller chamber and the elimination of epoxy fiber seals resulted in a much
better vacuum quality, extending the chamber lifetime greatly. In addition, the
PBGF was exposed to Rb vapor from both ends such that more atoms could
diffuse into the core. The generation of large optical depths (>1000) of Rb was
demonstrated in such a chamber [65]. Finally, a third generation chamber was
designed for experiments probing the two-photon transitions of Rb reported in
chapters 4, 5 and 6. The design was similar to the second-generation except for a
cylindrical glass tube on one side of the UHV chamber providing optical access
to all sides of the fiber, enabling us to collect two-photon fluorescence and also
resonance fluorescence emitted from the atoms in the fiber core. We could thus
image the Rb atoms diffused into the PBGF core, and found that the atoms were
distributed over a 1 cm length.
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Figure 1.5: Generation of Rb vapor inside the PBGF core [46, 67]. Un-
der steady-state conditions, the Rb atoms inside the PBGF core
are all stuck to the inside walls of the fiber forming nanoclus-
ters (bottom left). A strong vapor-generation beam at 805 nm
(far detuned from the atomic transitions of Rb) coupled into
the PBGF heats and evaporates the adsorbed nanoclusters, cre-
ating a vapor of Rb atoms in the core (top right). The vapor
density in the core is set by the generation beam power and
duration.
As mentioned earlier, under steady-state conditions, the Rb atoms inside the
PBGF core are all stuck to the inside walls of the fiber forming nanoclusters.
In order to generate a Rb vapor inside the core, a strong (few mWs) vapor-
generation beam at 805 nm (far detuned from the atomic transitions of Rb) is
coupled into the PBGF that heats and evaporates the adsorbed nanoclusters [66,
67]. The vapor density in the core is set by the generation beam power and
duration [71]. As more nanoclusters are heated, the Rb vapor density inside
the core increases. The vapor generation dynamics are shown in Fig. 1.5. We
demonstrate the ability to generate large atomic densities (and optical depths)
of Rb inside the hollow-core of PBGFs all-optically without the need for any
change in the temperature of the cell. This is a fast, on-demand, controllable
and repeatable way to produce desired vapor densities for various light-matter
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interactions [66].
1.6 Thesis layout
In this thesis, we describe various experiments that demonstrate the potential of
the Rb-PBGF system for exploring quantum nonlinear optics at ultralow pow-
ers. In chapter 2, we discuss the observation of large signal amplification and
frequency conversion via extremely efficient four-wave mixing with microwatts
of pump power. In chapter 3, we show that the coherence of this four-wavemix-
ing process can be perturbed using an external switching field, and demonstrate
all-optical intensity modulation with tens of photons per atomic cross-section.
Chapter 4 discusses the enhancement of degenerate two-photon absorption in
our Rb-PBGF system by several orders of magnitude over bulk vapor cells.
In chapter 5, we describe the demonstration of significant all-optical intensity
modulation with <20 photons using a non-degenerate two-photon transition.
Chapter 6 reports the observation of large cross-phase modulation at the few-
photon level using the same two-photon level scheme. We conclude in chapter
7 with a discussion of possible future experiments that may be investigated in
the Rb-PBGF system following this work.
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CHAPTER 2
ULTRALOW-POWER FOUR-WAVEMIXING
In this chapter, we describe the demonstration of extremely efficient four-
wavemixing with gains greater than 100 at microwatt pump powers and signal-
to-idler conversion of 50% in our Rb-PBGF system. We present a theoretical
model that demonstrates such efficiency is consistent with the dimensions of
the fiber and the optical depths attained. This is, to our knowledge, the largest
four-wave mixing gain observed at such low total pump powers and the first
demonstrated example of four-wave mixing in an alkali system with a large
(30 MHz) ground state decoherence rate.
2.1 Four-wave mixing in alkali vapor
Four-wave mixing (FWM) is the coherent exchange of energy among four dif-
ferent electromagnetic fieldmodes that are propagating through amediumwith
a third-order nonlinearity

(3)

[see Fig. 2.1]. Alkali atoms such as Rb can have
relatively large ((3)) values due to near-resonant enhancement and the high os-
cillator strengths of their transitions. FWM experiments in particular provide a
test bed formeasuring the low-light interaction strengths that can be achieved in
an alkali system while generating interesting effects such as frequency conver-
sion, gain, optical phase conjugation, and relative intensity squeezing of light
modes [72, 73, 74]. Here we show that large vapor densities can be produced
in the Rb-PBGF system to generate nonlinear FWM at ultra-low pump pow-
ers. Efficient frequency conversion and large gain are demonstrated at only
microwatts of pump power.
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Figure 2.1: FWM in a nonlinear

(3)

medium. Four different electromag-
netic field modes (E1, E2, E3 and E4) can mix and exchange
energy with each other while propagating through a medium
with a third-order nonlinearity

(3)

. The fieldmodes E1, E2, E3
and E4 can differ in frequency (energy), wave-vector (propaga-
tion direction) and/or polarization. As an example, the figure
shows three input fields that undergo a nonlinear interaction
and generate a fourth field at the output. Alkali vapors such as
Rb can yield large (3) values, many orders of magnitude larger
than typical solid-state media.
2.2 Double-lambda FWM scheme
We investigate FWM in our Rb-PBGF system by employing a double-lambda
configuration as shown in Fig. 2.2. Such interactions have been explored to
study processes like generation of correlated photon pairs [73, 75], ultraslow
propagation of entangled optical pulses [76], and mirrorless optical parametric
oscillation [39]. The basic scheme consists of two ground states coupled to a
single excited state by two pump fields. Pump field 
1 is on resonance with
the 1 $ 3 transition, while pump field 
2 is detuned to the blue of the 2 $ 3
resonance by . The weak signal field Es is detuned from the 1 $ 2 Raman
transition involving Es and 
2 by the quantity  = 0 . This produces an idler
field which is detuned from the 1 $ 2 Raman transition involving Ei and 
1 by
the quantity  .
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Figure 2.2: Energy-level diagram of the double-lambda FWM scheme.
Pump fields of Rabi frequency 
1 and 
2 mix with the sig-
nal field Es and the generated corresponding idler field Ei.
Pump 
1 is on resonance while 
2 is blue-detuned from the
excited state by . The signal field is detuned from the excited
state by 0, and thus from the two-photon Raman resonance by
 = 0   . This generates an idler field Ei which is detuned
from its Raman resonance by  .
2.3 Theoretical modeling of FWM in confined geometry
The system is modeled assuming a thermal density matrix for the ensemble of
atomic states, and transit-time broadening effects are added phenomenologi-
cally. The resulting Bloch equations are coupled to signal- and idler-field prop-
agation through the susceptibilities of the respective wave equations. The set of
equations can then be simplified to yield coupled wave equations for the signal
and idler.
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Since the atoms in the fiber exhibit inelastic scattering against the fiber walls
at a rate of T=2  30 MHz and have an excited state decay rate of =2 = 6
MHz, the system cannot be optically pumped into a pure state. Thus population
in either of the ground hyperfine states j1i and j2i generates FWM incoherently
with respect to population in the other hyperfine state. We follow the analysis
outlined in [77], but also take into account the presence of atomic population
in both ground states and Rabi cycling of population between states j1i and j3i
due to
1. This leads to the following coupled equations between the signal and
idler fields that are more complicated than other systems:"
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where T is the inverse of the atomic transit-time across the fiber core, 
1(2)
is the Rabi frequency of the corresponding field in Fig. 2.2,  = g2N= j
1j2,
g = d32
p
!32=2~0V is the atom-field coupling constant, d32 is the dipole mo-
ment of the 3 $ 2 transition, !32 is the angular frequency of the 3 $ 2 tran-
sition, V is the quantization volume, N is the number of atoms,  = 
1
2=,
L =  j
2j2 =22, and A1 = 1=2   =8T and A2 = 1=2 + =8T are the average
steady-state populations of states j1i and j2i, respectively.
Taking the limiting case of cold atoms (A1 = 0, A2 = 1, T = 0), we note
that one recovers expressions for FWM in a pure state [77]. In the full thermal
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Figure 2.3: Level scheme for four-wave mixing in 85Rb on the D1 line. One
pump is blue detuned by 1 GHz from the F = 2 ! F0 = 3
transition while the other pump is tuned between the F = 3 !
F0 = 2 and F = 3 ! F0 = 3 transitions. A slight population
imbalance ( 5%) between the two ground states F = 2 and
F = 3 is created within the transit time of the atoms across the
fiber core. The signal field Es acquires gain as a result of the
FWM process and a corresponding idler field Ei is generated.
case, the presence of population in both states leads to a variety of effects. The
signal and idler are cross-coupled by a number of terms proportional to which
generate FWM. Raman gain and loss are represented by the terms proportional
to . The presence of sinusoidal terms is due to population in state j1i, which
oscillates at the Rabi frequency of the resonant pump field.
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2.4 FWM level scheme
The FWM interaction in our Rb-PBGF system is realized experimentally using
the 85Rb 5S 1=2 ! 5P1=2 (D1) transitions [see Fig. 2.3]. The F = 2 and F = 3
states associated with the 5S 1=2 level are separated by 3 GHz and serve as the
ground states of the system. The excited-state interaction takes place with both
the F0 = 2 and F0 = 3 states of the 5P1=2 level, which are separated by 360
MHz and are thus within each others’ Doppler-broadened profile. Pump 
2 is
detuned 1 GHz to the blue of the F = 2 ! F0 = 3 transition, and 
1 is tuned in
between the F = 3 ! F0 = 2 and F = 3 ! F0 = 3 transitions.
2.5 Experimental setup
The setup for generating and measuring FWM is shown in Fig. 2.4. We use a 30-
cm PBGF (Crystal Fiber AIR-6-800, 6 m core,  3m FWHM fundamental field
mode) that links two vacuum cells with a Rb source attached to one of the cells,
as described in previous experiments by our group [46]. The pump beams are
combined with the signal field Es, using a polarization beam splitter (PBS) cube
at the input of the PBGF. This ensures that the polarization of the pump and sig-
nal fields are orthogonal. All three beams are on continuously. We generate Rb
vapor in the fiber core with 3 mW of power at 808 nm (detuned far from any Rb
resonances) coupled counter-propagating to the pump and signal waves. The
vapor-generation beam is pulsed with an acousto-optic modulator for the dura-
tion necessary to generate the desired OD in the fiber [66, 67], typically between
1 and 2.5 seconds. The frequency of the probe field Es is scanned over 1.5 GHz
at a rate of 10 Hz about the two-photon Raman resonance at  = 0 and the
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Figure 2.4: Experimental setup for observing ultralow power FWM.
Pump fields 
1 and 
2 are combined with a cross-polarized
signal field on a polarizing beam splitter (PBS), and propagate
collinearly through the PBGF. The fiber is sealed to two vac-
uum cells, the left-most of which contains Rb vapor which en-
ters the core of the fiber and attaches to the fiber walls. The
vapor density is controlled by a counter-propagating vapor-
generation beam of a chosen duration and power. The signal
and idler fields are separated from the pump fields at the out-
put by a polarizing beam splitter (PBS), and from each other by
an etalon.
signal (Es) and idler (Ei) powers are measured. The signal and idler fields are
separated from the pump waves using a PBS cube at the output of the fiber. A
temperature-controlled etalon (FSR = 40 GHz, finesse = 100) is then used to se-
lectively transmit either of the fields onto a photo-multiplier tube (PMT) (Hama-
matsu H7422-50). The output of the PMT was integrated into 100-s time bins.
A 795-nm bandpass filter in front of the PMT serves to remove any backscatter
from the vapor-generation beam. We note that the continuous pump and signal
field, 1 - 2.5 s desorption pulse, the signal field scanning rate given above, and
the 100 s integration time of the PMT output imply that these measurements
are performed in the steady-state limit of equations (2.1) and (2.2).
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2.6 Signal gain and frequency conversion
Our results are shown in Fig. 2.5 for an input signal power of 6 nW. A high OD is
generated in the fiber by a 3-mW, 1-s long vapor-generation pulse. Figure 2.5(a)
shows the probe transmission as it is scanned across the D1 transition. Fitting
the Rb resonances to the OD profile, taking into account transit time broaden-
ing and the temperature of the atoms generated in the fiber core [65, 68], we
estimate an OD = 20 on resonance. In the presence of the pump waves, the sig-
nal field acquires gain when it is two-photon resonant with 
2 [see Fig. 2.5(c)].
We observe a signal field gain factor of 6 with 15 W of total pump power at a
power ratio of j
2j2 : j
1j2 = 2 : 1. When the etalon is set to transmit the idler
field, we observe the power of the generated idler beam [see Fig. 2.5(b)] to be
50% that of the input probe. The idler field is not observed if any of the input
fields are blocked, which corroborates that the FWM process is present inside
the fiber.
We compare this data to a numerical integration of equations (2.1) and (2.2),
which represent an approximate description of the experiment and which al-
low us to draw some general conclusions. Doppler broadening is not included,
which affects the detuning of 
2 and introduces a detuning for 
1. We as-
sume the pump beams are not absorbed by the medium since they are approx-
imately 103 times the saturation intensity of rubidium atoms confined to the
fiber core [68]. Inserting our experimental parameters and allowing only the
atom number in the fiber to vary, we find the model predicts a gain of 6 for
N = 2:3  105 atoms. This value is reasonable when compared to the number of
atoms required to fit to the absorption profile of Fig. 2.5(a), which we found to
be 5:2105 and suggests that the observed gain is consistent with the magnitude
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Figure 2.5: Ultralow power FWM. (a) Signal transmission through the
fiber as its frequency is scanned across the D1 line after gen-
eration of a dense Rb vapor (OD = 20). (b) Idler power versus
frequency as detected while scanning the signal detuning. The
input signal power is 6 nW and the total pump power in the
fiber is 15 W. 50% signal-to-idler frequency conversion is ob-
served. (c) Gain (6 at two-photon resonance) experienced by
the signal field as a function of detuning.
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one expects from FWM in the system.
2.7 Large amplification over wide bandwidth
At larger ODs and slightly larger pump powers, we observe dramatically higher
gain at the signal frequency. As shown in Fig. 2.6, 36 W of total pump power
and a 2.5-s pulse of the vapor-generation beam (OD  40) yield a peak gain of
105. The logarithmic plot of the gain curve shows that this imaginary compo-
nent of the susceptibility is present over the 3-dB bandwidth of 300 MHz, which
is capable of supporting 500-ps pulses. These gain efficiencies and bandwidth
values are many orders of magnitude greater than similar experiments in bulk
vapor cells. Hemmer et al. used a similar scheme in sodium vapor to observe
a gain of 55 and response times of 1 s using 10 mW of pump power [72].
Boyer et al. observed a gain of 30 and bandwidth of 10 MHz in rubidium va-
por using 280 mW of pump power [76], though it should be noted that their
double-lambda scheme used a degenerate pump that was off-resonance from
all transitions.
Numerical integration of the propagation equations (2.1) and (2.2) yields an
equivalent gain at 4:5105 atoms, which is only twice that required for a gain of
6. This may be due not only to the exponential increase in gain as a function of
N, but also to the transition into the high-gain regime, where the loss terms are
weak compared to the cross-coupling strength.The observed effective nonlin-
earity is limited primarily by the number of atoms in the core and transit-time
broadening, which is evident from equations (2.1) and (2.2). The cross-coupling
coefficient  is proportional to the number of atoms, and the magnitude of the
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Figure 2.6: Large amplification over wide bandwidth. Signal gain versus
two-photon Raman detuning for Rb vapor generated from a
2.5-s vapor-generation pulse (corresponding to an OD  40 in
the fiber). Gain of more than 100 is observed. The input signal
power is 1 nW and the total pump power in the fiber is 36
W. Inset: The nonlinear susceptibility bandwidth can exceed
300 MHz and thus the system can amplify pulses as short as
500 ps.
DC cross-coupling terms increases as T decreases.
2.8 Off-resonant FWMwith degenerate pumps
We have also performed FWMwith degenerate pumps in our Rb-PBGF system,
using the scheme of McCormick et al. [74] where all pump, signal, and idler
fields are off resonance and away from any absorption [see Fig. 2.7]. A weak
gain (1.7) is observed over a very wide bandwidth (& 500 MHz) [see Fig. 2.8]
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Figure 2.7: Level scheme for off-resonant FWM in 85Rb on the D1 line. A
single degenerate pump (
) is used, which is blue detuned by
1 GHz from the F = 2 ! F0 = 3 transition (and hence 4 GHz
from the F = 3 ! F0 = 3 transition). The pump, signal (Es) and
idler (Ei) are all far enough detuned to eliminate any absorp-
tion losses.
for 18 W of pump power and an OD  20. This is particularly intriguing since
it can in principle produce a high degree of nonclassical correlation between sig-
nal and idler even at low gain, and so may be usable for generation of correlated
photon pairs.
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Figure 2.8: Observation of off-resonant FWM. Signal gain versus two-
photon Raman detuning for FWM with degenerate pumps.
The input signal power is 4 nW and the total pump power in
the fiber is 18 W. An OD  20 is attained in the fiber. Inset:
The nonlinear susceptibility bandwidth exceeds 500 MHz.
2.9 Summary and conclusion
There are a number of improvements that could further increase the nonlin-
earities we observe. Later experiments on redesigned Rb-PBGF chambers [65]
show that it is be possible to produce ODs more than an order of magnitude
larger than those presented in this chapter. One would expect the imaginary
component of the susceptibility to increase accordingly. Another approach is to
try to produce a purer state amongst the ground hyperfine levels by increasing
the transit time, such as by injecting buffer gas into the PBGF [67].
In summary, our measurements show that this system can achieve extremely
30
efficient nonlinearities, with FWM gains >100 at only 36 W of total pump
power. This is, to our knowledge, the largest four-wavemixing gain observed at
such low total pump powers and the first demonstrated example of FWM in an
alkali-metal system with a large ( 30 MHz) ground state decoherence rate. As
such, this fiber-based system shows promise for studying other novel nonlinear
optical effects such as classical and quantum noise correlations [78, 75] and dis-
persive effects from EIT and gain resonances [76], at ultra-low light levels and
with exceptionally high bandwidths for an alkali vapor system.
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CHAPTER 3
ALL-OPTICAL MODULATION OF FOUR-WAVEMIXING
In this chapter, we describe the demonstration of efficient all-optical modu-
lation using a coherence perturbation of the four-wave mixing (FWM) scheme
discussed in the previous chapter. The intensity of a signal field participating
in the FWM process is modulated using a weak switching field. We observe
3-dB of attenuation in the signal field with only 3600 photons of switching en-
ergy, corresponding to 36 photons per atomic cross-section 2=2. In addition,
tunable modulation bandwidths as high as 300 MHz are observed.
3.1 Coherence perturbation
Resonantly enhanced multi-level atomic interactions are attractive for exploit-
ing low light level optical phenomena based on quantum interference in al-
kali atoms. Coherent interactions that exploit narrow resonances have yielded
novel nonlinear processes such as electromagnetically-induced transparency
(EIT) [79] and coherent population trapping (CPT) [80]. For example, in a
lambda scheme two optical probe fields couple two ground states of the atom
to a single excited state and establish coherence between the two ground states,
which results in atom-light states called polaritons. Similar effects can be gener-
ated by using a double-lambda scheme, which uses four optical fields to couple
the two ground states to an excited state in a four wave mixing (FWM) pro-
cess [38, 77]. For example, the double lambda FWM process involving the two
pump fields 
1;2 and the signal (Es) and idler (Ei) fields, as shown in Fig. 3.1,
sets up a spatially varying coherence between the two ground states j1i and j2i
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Figure 3.1: Perturbation of ground state coherence via an external field.
The double lambda FWM process involving the two pump
fields 
1;2 and the signal (Es) and idler (Ei) fields sets up a spa-
tially varying coherence between the two ground states j1i and
j2i in the medium. An external switching field Esw can perturb
this coherence leading to a change in the transmission of the
signal and idler fields.
in the medium given by
12(x) ' j12j exp i(k1   ki + k2   ks)x; (3.1)
where k1, k2, ks and ki are the wavevectors of the two pumps and the signal and
idler fields, respectively. These polaritons can interact with other external opti-
cal fields and can be used to perturb the atomic ground state coherence result-
ing in the change in transmission of a probe beam [81]. The external perturbing
field, or switching field, usually couples one of the ground states to another sep-
arate excited state. An on-resonance switching field can be used for low power
all-optical modulation or switching [18], while a slightly off-resonant switching
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Figure 3.2: All-optical modulation of FWM. A switching field Esw in-
ducesmodulations on a continuous wave (CW) signal field (Es)
which is participating in a FWM process. The medium consists
of Rb atoms confined to the hollow-core of a PBGF. The signal
field, which acquires gain under normal conditions, is atten-
uated in the presence of the switching field. Modulations are
also induced on the generated idler field.
beam can be employed for QND detection schemes [24].
Here we present all-optical intensity modulation of a signal field that is par-
ticipating in the FWM process in our Rb-PBGF system [see Fig. 3.2]. We have
previously shown that large optical depths can be generated in a Rb-PBGF sys-
tem [65], which can result in large effective nonlinear susceptibilities and FWM
gains greater than 100 with microwatts of pump power [82]. Consequently,
introducing a field that can perturb this waveguide-based FWM allows us to
study all-optical perturbations of highly nonlinear behavior at extremely low
light powers.
3.2 Energy level scheme
The energy level diagram for our scheme is shown in Fig. 3.3. We use a double-
lambda scheme on the D1 line (795 nm) of 85Rb to observe FWM with non-
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Figure 3.3: Energy-level diagram of the FWM modulation scheme. FWM
is generated in a double-lambda configuration on the D1
(5S 1=2 ! 5P1=2) transition of 85Rb. It is modulated by periodi-
cally turning the switching field Esw on to the D2 (5S 1=2 ! 5P3=2)
transition. Intensity modulation is imparted as a result on the
signal (Es) and idler (Ei) fields.
degenerate pumps. One pump field 
1 is blue detuned by 1 GHz from the
F = 2 ! F0 = 3 resonance, while the other pump field 
2 is tuned between
the F = 3 ! F0 = 2 and F = 3 ! F0 = 3 transitions. A weak signal field Es
blue detuned by 1 GHz from the F = 3 ! F0 = 3 transition is also coupled
through the PBGF and generates an idler field Ei via the FWM process. The
signal is cross-polarized with respect to the pump waves and all three beams
are co-propagating in the PBGF. The generated idler is also co-propagating with
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the same polarization as the signal. The switching field Esw, which is also cross-
polarized with the pumps, is resonant with the F = 2 transition of the D2 line
(780 nm) of 85Rb.
3.3 Experimental setup
Figure 3.4 shows the experimental setup. We use a 3-cm-long PBGF (Crystal
Fiber AIR-6-800, 6 m diameter core) that sits inside a vacuum cell with a Rb
source attached [65]. The pump beams are combinedwith the signal and switch-
ing beams using a polarization beam splitter (PBS) cube at the input of the PBGF,
which ensures that the polarizations are orthogonal. A small portion of each in-
put field is sent to a reference Rb vapor cell for frequency calibration. A pulsed
vapor-generation beam at 808 nm (detuned far from the 85Rb resonances), which
is coupled counter-propagating to the pump and signal waves, is used to gen-
erate the desired vapor density and optical depth in the fiber [66]. The vapor
density generated in the fiber is such that in the presence of the pumps (tens of
microwatts in power), the signal experiences a gain of 2 at the two-photon res-
onance (peak of the FWM gain curve). The switching beam is temporally mod-
ulated as a triangle wave, at frequencies from 500 Hz - 1 kHz. The modulated
signal exits the fiber, is separated from the pumps by a second PBS and from the
switching beam by a temperature-controlled etalon (400 MHz linewidth) and is
detected by a photo-multiplier tube (PMT).
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Figure 3.4: Experimental setup for observing all-optical modulation of
FWM. The switching and signal fields are combined with the
pump fields on a polarizing beam splitter (PBS). The beams are
then focused into the core of the fiber. A counter-propagating
vapor-generation beam generates the desired vapor density
and optical depth. The modulated signal field is filtered
from the pump beams by a second PBS and from the idler
and switching fields by a temperature-controlled, high-finesse
etalon and is then detectedwith a photo-multiplier tube (PMT).
3.4 Observation of intensity modulation
Figure 3.5 shows the modulated signal at 500 Hz with 1 W of peak switching
power. The input signal power is 5 nW, and its frequency is set exactly at the
two-photon resonance so that at the output of the fiber the signal power is 10
nW.We see that in the presence of the switching field, which is modulated at 500
Hz, the signal is attenuated by 50% (3-dB) to 5 nW. The switching field spoils
the gain, and the signal passes through the fiber as if there was no FWM, and
the idler field is completely extinguished.
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Figure 3.5: All-optical intensity modulation. FWM modulation at 500 Hz
with the signal tuned to the two-photon resonance. The 5-nW
signal experiences a gain of 2 with 15 W of total pump power.
We observe 3 dB of attenuation in the signal (i.e. extinction of
the gain) with 1 W of switching power. The switching field is
on resonance with the D2 transition.
Figure 3.6 shows the modulation depth observed in the signal as a function
of the peak switching power. We find that the modulation depth begins to sat-
urate at 50% for a switching power of 0.65 W [see dotted line in Fig. 3.6], and
increasing the switching power further does not improve themodulation depth.
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Figure 3.6: Saturation of modulation depth. Signal modulation depth as
a function of switching power. Modulation begins to saturate
for switching powers & 0.65 W.
3.5 Low-light-level switching
A slow scan of the signal frequency about two-photon resonance reveals that the
modulation is present over the entire FWM gain bandwidth of 100 MHz [see
Fig. 3.7], which implies a system response time   1.6 ns. In this case a weak
switching beam (180 nW) was used, revealing both the modulation features as
well as the shape of the FWM gain peak. We calculate the effective number of
photons interacting within the response time  of the system for a particular
switching power Psw as
NP =
Psw
hc=
; (3.2)
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Figure 3.7: Signal gain modulation as a function of two-photon detun-
ing. The FWM is modulated at 2 kHz while the signal is slowly
scanned across the gain resonance. Themodulation is observed
over the full FWM bandwidth of 100 MHz, implying a re-
sponse time   1.6 ns. The switching beam power is 180 nW.
where hc= is the energy of one switching photon, and  = 780 nm is the wave-
length of the switching beam. Thus, 50%modulation at a switching power Psw =
0.65 W [Fig. 3.6] corresponds to 3600 photons of switching energy. The switch-
ing energy density is calculated as
NP
A
 
2
2
!
; (3.3)
where A  10 7 cm2 is the optical mode area. The switching energy density is
thus 36 photons per atomic cross-section 2=2.
We interpret these results as the consequence of the population cycling on
the D2 transition that is induced by the switching beam. This spoils the phase
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relationship between the ground states and destroys their coherence, which is
necessary for performing FWM, within one Rabi cycle. The Rabi frequency
corresponding to 600 nW of switching power on the D2 line is 120 MHz, i.e.
roughly equal to the FWM gain bandwidth. Once there is sufficient power to
destroy coherence within the FWM response time, greater switching power no
longer increases the amount of modulation, which leads to the saturation be-
havior seen with respect to switching power.
3.6 Large tunable modulation bandwidths
We also studied the effect of gain/modulation bandwidth B on the modulation
depth M for a constant switching field power [see Fig. 3.8]. The FWM gain
bandwidth can be modified by changing the relative powers of the two pump
fields. In the double lambda scheme used here, the FWM gain coefficient is pro-
portional to the ratio of the Rabi frequency of the off-resonant pump to that of
the on-resonant pump, i.e. to 
1=
2. Since the gain bandwidth is proportional
to the product of the Rabi frequencies of the two pumps i.e. 
1
2 [82, 77], one
can modify the gain bandwidth without changing the actual gain by simply
changing the relative pump powers such that 
1
2 varies but 
1=
2 maintains
its value. Based on this idea, we observe gain/modulation bandwidths up to
300 MHz, implying that the system can support 500-ps pulses. It is evident that
the modulation depth decreases with increasing bandwidth for a given switch-
ing power (blue circles). We can determine the number of switching photons
required for 3-dB modulation of the signal field i.e. the switching energy, by
calculating the product of the switching power required for 50%modulation (M
= 0.5) and the response time of the system (inverse of the bandwidth), for each
41
4000
3000
2000
1000
0
P
h
o
to
n
s
 f
o
r 
M
 =
 0
.5
200 240 280 320
Gain Bandwidth B (MHz)
0
0.1
0.2
0.3
0.4
0.5
M
o
d
u
la
ti
o
n
 d
e
p
th
 M
Figure 3.8: Modulation depth and number of switching photons versus
FWM bandwidth. The blue circles show the modulation depth
observed in the signal field as a function of the FWM gain
bandwidth. The switching power used for all the measure-
ments was 400 nW. The red squares show the switching pho-
ton number required for 50% modulation of the signal. The
switching photon number is observed to be fairly insensitive
to bandwidth. Error bars represent measurement inaccuracy.
bandwidth value B. We see that the number of photons required in the switch-
ing field is relatively insensitive to the bandwidth (red squares), and the data
agree fairly well with the estimated number of 3600 photons.
3.7 Summary and conclusion
In summary, we have observed all-optical modulation of FWM using Rb vapor
in a PBGF. We observe 3-dB attenuation of the signal beam using only 3600 pho-
tons of switching energy or 36 photons per atomic cross-section 2=2, which is
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comparable to that achieved in more elaborate cold atom setups [16, 17]. More-
over, we demonstrate tunable modulation bandwidths up to 300 MHz, which
is very high for an alkali vapor interaction. These preliminary results show the
potential of an Rb-PBGF system for nonlinear optical interactions at low photon
number. For example it should be possible to enhance important alkali-based
quantum-optical interactions, such as QND measurement techniques and the
production of squeezed states, due to the tight confinement and high optical
depths. One limiting factor in our setup currently is the small transit time (5
ns) of the Rb atoms across the core of the PBGF, which limits the ground state
coherence time. Producing a purer state among the ground hyperfine levels by
increasing the transit time through collisions with a buffer gas should improve
the results [54, 83, 84]. One could also increase the available switching band-
width by broadening the D2 transition with the injection of a buffer gas into the
system.
In the previous two chapters, a major limiting factor of the Rb-PBGF system
in generating ever higher nonlinearities is the inability to optically pump the
entire atomic population into one ground state i.e. creating a pure state. As a
result, in a highly confined geometry with a small transit-time, only a fraction
of the atomic population (5%) actually contributes to nonlinear optical interac-
tions such as four-wave mixing (FWM) and electromagnetically-induced trans-
parency (EIT). In the next three chapters, we probe the higher-order two-photon
transitions of Rb, with the aim of employing them for nonlinear optical interac-
tions involving only one ground state. Such processes benefit from the entire
atomic population in a particular ground state without having to create a popu-
lation difference between the two hyperfine-split ground states, eliminating the
need for any optical pumping.
43
CHAPTER 4
ENHANCEMENT OF TWO-PHOTON ABSORPTION
In this chapter, we show that two-photon absorption (TPA) in Rb atoms can
be greatly enhanced by the use of a hollow-core photonic bandgap fiber (PBGF).
We investigate off-resonant, degenerate Doppler-free TPA on the 5S 1=2 ! 5D5=2
transition and observe 1% absorption of a pump beam with a total power of
only 1 mW in the fiber. These results are verified by measuring the amount
of emitted blue fluorescence and are consistent with the theoretical predictions
which indicate that transit time effects play an important role in determining
the two-photon absorption cross-section in a confined geometry.
4.1 Two-photon absorption
Two-photon absorption (TPA) is the simultaneous absorption of either two pho-
tons from a single beam of light or two single photons from two beams which
results in a resonant transition from the ground state to an excited state. A
key feature of TPA is that it allows access to electronic states that are other-
wise dipole-forbidden single-photon transitions. It also represents one of the
simplest nonlinear processes that allows one to characterize the strength of the
light-matter interaction and to generate novel non-classical effects. As a result,
TPA processes have also been widely studied for various nonlinear and quan-
tum optical phenomena, with applications in precision spectroscopy [85], the
generation of single photons [27], the measurement of coherence and photon
statistics [86], and all-optical switching [28, 87].
For many of the aforementioned applications, a significant amount of TPA is
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desired at low power levels. Alkali-metal atoms have large two-photon cross-
sections due to the near-resonant enhancement from the intermediate state and
the high oscillator strengths of the transitions involved [88, 36]. Nevertheless,
previous TPA experiments in bulk alkali-metal vapor cells still required rela-
tively high powers to generate measurable effects [89]. One approach to sig-
nificantly reduce the threshold for observing TPA is to use waveguide geome-
tries such as hollow-core photonic band-gap fibers (PBGFs) filled with an alkali-
metal vapor since it provides tight confinement of the light in a singlemode over
extended distances, enabling strong light-matter interactions and high nonlin-
earities at ultra-low power levels [46, 82, 17, 90]. Recently, non-degenerate reso-
nant TPA experiments at nanowatt power levels were performed in tapered op-
tical fibers with ambient thermal rubidium (Rb) vapor, in which the light-matter
interaction occurs via the evanescent wave of the guided light in the fiber [91].
It has been shown previously that a Rb-PBGF system can provide large optical
depths (ODs) [65]. However, the tight confinement of atoms and photons give
rise to additional spectroscopic features such as transit-time broadening which
must be taken into account and has been studied previously in our system [68].
Here we describe the experimental observation of efficient, Doppler-free
TPA in a Rb-PBGF system using the 5S 1=2 ! 5D5=2 two-photon transition at
778.1 nm at milliwatt power levels. We estimate theoretically the amount of TPA
for our system (both from direct absorption from the pump beam and from the
emitted blue fluorescence) and show that our experimental results are in good
agreement with the theoretical predictions. From our measurements we obtain
an estimate of the transit-time of the Rb atoms in the PBGF. We extend our cal-
culations to show how TPA can be further enhanced using a non-degenerate,
on-resonance scheme.
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Figure 4.1: Degenerate TPA level scheme in Rb. An atom in the 5S 1=2
ground state can simultaneously absorb two photons at 778.1
nm to make a resonant transition to the 5D5=2 excited state. 
is the detuning from the intermediate 5P3=2 level. A small frac-
tion of the excited atoms decay through the 6P3=2 level emitting
blue fluorescence.
4.2 TPA level scheme
An illustration of the two-photon level scheme we use is shown in Fig. 4.1. An
atom in the 5S 1=2 ground state can simultaneously absorb two photons at 778.1
nm to make a resonant transition to the 5D5=2 excited state. Once excited to the
5D5=2 level, the Rb atoms decay with 35% probability to the intermediate 6P3=2
level, and then with 31% probability back to 5S 1=2 ground state emitting blue
photons at 420.3 nm [92]. When the pump beam (at 778.1 nm) is far detuned
from the intermediate level, or when    , where   is the linewidth of the
intermediate level, the process is termed off-resonant two-photon excitation.
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4.3 Nonlinear susceptibility and TPA coefficient
We characterize the nonlinearity of the Rb-PBGF system for this process by cal-
culating the imaginary part of the third-order susceptibility (3)Im [40] correspond-
ing to the relevant two-photon transition using,
(3)Im =
N21
2
2
"0~32
; (4.1)
where N is the atomic number density, 1 and 2 are the dipole moments for
the 5S 1=2 ! 5P3=2 and 5P3=2 ! 5D5=2 transitions, respectively,  is the detuning
from the 5P3=2 level, and  is the homogeneous decay rate of the 5D5=2 level. In
the Rb-PBGF system,  is determined by the transit time of the atoms across
the micron-scale core of the fiber, which is much smaller than the excited state
lifetime [68].
The TPA coefficient is given by [40]
 (cm=W) = 2:82  106 
0BBBBB@2(3)Im
1CCCCCA ; (4.2)
where  is the wavelength of the pump (in cm) and (3)Im (in MKS units) is cal-
culated using equation (4.1). For our system, using an OD  100 (N  2  1013
atoms/cm3), a beam waist area A  10 7 cm2,  = 50 MHz [68], we estimate the
values of (3)Im  4  10 10 esu and   1:3  10 6 cm=W. Correspondingly, the
two-photon scattering cross-section (2) is estimated to be 6:5  10 20 cm4=W.
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4.4 Calculation of two-photon absorption and fluorescence
The transmission of the beam through a medium with a second-order absorp-
tion process can be expressed as [40],
T =
Iout
Iin
=
1
(1 + IinL)
; (4.3)
where Iin and Iout are the input and output intensities of the pump beam respec-
tively, and L is the interaction length. For IinL  1, the percentage of absorption
is given by "
Iin   Iout
Iin
= IinL
#
 100: (4.4)
For 1 mW of power we expect to see 1% absorption in the Rb-PBGF system for a
1-cm interaction length [see Fig. 4.2], which is relatively large for the degenerate
off-resonant TPA process at such low pump powers.
To estimate the fluorescence power of the emitted blue light at 2 = 420.3
nm, we take into account the branching ratios of the transitions involved dur-
ing the decay from the excited 5D5=2 level to the ground 5S 1=2 level, through
the intermediate 6P3=2 level as discussed above. There are two possible de-
cay mechanisms involved in the process. The first is due to a radiative decay
from the 5D5=2 level, which has a lifetime 2 of 240 ns, and the second is due
to a non-radiative decay resulting from collisions with the walls of the fiber
with a lifetime (transit-time, 1) of 6 ns. Effectively, the fraction of atoms that
fluoresces is / 1=(2 + 1)  1=2 [93, 94]. In addition, the decay path from
5D5=2 ! 5S 1=2 (wavelength, 1 = 389.05 nm) involves the intermediate level
6P3=2. Hence we must also take into account the energy lost in the 5D5=2 ! 6P3=2
transition. Therefore, the total power of the blue fluorescence can be calculated
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Figure 4.2: Amount of TPA versus pump power for the Rb-PBGF system.
An absorption of 1% is estimated for only 1-mW of total pump
power. An OD  100 is assumed in the fiber.
from
P = (Iin   Iout)  A  R1  R2  1
2
 1
2
; (4.5)
where R1(= 0.35) and R2(= 0.31) are the branching ratios of the 5D5=2 ! 6P3=2
and 6P3=2 ! 5S 1=2 transitions, respectively. Using equations (4.4) and (4.5) we
obtain,
P = fConstg  I2in: (4.6)
The resulting quadratic dependence of the blue fluorescence on the pump
power is shown in Fig. 4.3.
We perform TPAwith counter-propagating beams at 778.1 nm such that TPA
occurs by the simultaneous absorption of one photon from each of the beams.
The advantage of using a counter-propagating scheme is that the interaction is
Doppler free [89, 95, 96]. As the two photons get equal and opposite Doppler
49
0 1 2 3
0
2
4
6
8
Pump Power (mW)
B
lu
e
 F
lu
o
re
s
c
e
n
c
e
 (
a
.u
)
Figure 4.3: Amount of two-photon fluorescence versus pump power for
the Rb-PBGF system. The blue fluorescence from Rb atoms due
to two-photon excitation increases as the square of the pump
power.
shifts for an atom moving at any velocity, their sum always corresponds to the
same two-photon transition frequency for all the atoms. Therefore, we expect to
see only homogeneously broadened lines due to transit-time effects.
4.5 Experimental setup
Wemodified the design of the previously used Rb-PBGF system [65] to allow us
to image the fibers from the top and collect the emitted blue fluorescence. On
one side of the ultra high-vacuum (UHV) compatible stainless steel chamber, we
attached a cylindrical glass tube that provides optical access to all sides of the
fiber. A schematic of the experimental setup is presented in Fig. 4.4. We use a
50
Pump
Vapor generation 
         beam
10X
Rb
nger
10XLaser diode
Scanning 
diode laser
Vacuum Pump
PMT
Blue 
lter
805 nm
778.1 nm
PBS
BS
M M
M
PBSPBGF
AOM-2
Function 
generator
Lock-in 
amplier
PD
AOM-1
Figure 4.4: Experimental setup for measuring degenerate TPA. The pump
laser is split into two counter-propagating beams using a 50:50
beam splitter (BS). The polarizations are made identical us-
ing polarization beam splitter (PBS) cubes, and the beams are
then coupled through the hollow-core photonic bandgap fiber
(PBGF). A strong off-resonant vapor generation beam is also
coupled into the fiber to generate the desired atomic density
and optical depth. A blue-colored glass is used to filter the
fluorescence from the excited 6P3=2 state and then detected
on a photomultiplier tube (PMT). An acousto-optic modula-
tor (AOM-1) is used modulate the pump beams as a triangu-
lar wave at a 1-kHz frequency to vary linearly the intensity
of the counter-propagating beams simultaneously. For lock-
in detection of the TPA through the PBGF, one of the counter-
propagating beams is modulated using AOM-2 as a square
wave at 25-kHz. The signal is detected on a photodiode (PD)
using a pick-off beam at one end and sent to a lock-in ampli-
fier, the output of which is subsequently monitored using an
oscilloscope.
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9-cm-long and 6-m-diameter hollow-core PBGF (Crystal Fiber, AIR-6-800) that
guides light over the wavelength range of 750-810 nm. The fiber is mounted in
a holder designed to hold multiple fibers. The entire fiber mount assembly is
placed inside the vacuum chamber with an attached Rb source containing the
two naturally occurring isotopes 85Rb (72%) and 87Rb (28%). The temper-
atures of the chamber and the cold-finger (Rb source) are maintained at 85C
and 55C, respectively and the background pressure after bake-out is 10 8 torr.
The beam from an external cavity diode laser at 778.1 nm, scanning mode-hop
free across 5 GHz (over the two-photon resonances), is split into two counter-
propagating beams using a 50:50 beam splitter (BS); these are each coupled to
opposite ends of the fiber using 10x objectives. The two beams have equal pow-
ers and identical polarizations.
To generate the desired OD (100), a highly off-resonant 20-mW vapor-
generation beam at 805 nm is also coupled into the fiber with a polarization
orthogonal with respect to the pump beams. We observe that the vapor is gen-
erated in the first 1 cm of the fiber at each ends. The design of our chamber
enables us to collect the emitted blue photons from the top at one end. The blue
photons are filtered using a blue-colored glass filter and detected by a photo-
multiplier tube (PMT; Hamamatsu H7422P-40). The signal is then monitored
and recorded for 1-s using an oscilloscope.
We measure the TPA as a function of the intensity of the light field using an
acouto-optic modulator (AOM-1) (see Fig. 4.4) to vary the intensity of the two
counter-propagating beams simultaneously using a triangular wave at 1 kHz.
The emitted blue photons are collected and detected from the top of the fiber
by the method described before. For direct measurement of TPA from the 778.1-
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nmpump beams, we perform a lock-in detection by using another acousto-optic
modulator (AOM-2) to modulate one of the two counter-propagating beams. A
weak reflection of the forward propagating beam is collected from one end us-
ing a photodiode, its output is then sent to a lock-in amplifier, and the resultant
output is then recorded using an oscilloscope.
4.6 Fluorescence measurement
Figure 4.5 shows the blue fluorescence signal detected by the PMT due to TPA.
The four peaks correspond to each of the two hyperfine ground states of 85Rb
and 87Rb. We recorded the wavelength of each of the lines using a wavemeter
(Burleigh WA-1600) with an uncertainty of 0.0001 nm in each reading. For the
states F = 3 and F = 2 of 85Rb, the wavelengths are 778.1055 nm and 778.1025
nm respectively, where as 778.1067 nm and 778.0997 nm correspond to the F =
2 and F = 1 states of 87Rb, respectively. The signal is Doppler free, and the
line-broadening is due only to the transit-time effect. As discussed earlier, the
relatively short transit time of the Rb atoms in comparison to the lifetime of
the excited 5D5=2 level suppresses the number of blue photons emitted, and we
estimate the total amount of blue fluorescence emitted from the fiber taking
into account the collection area of the PMT and assuming the fluorescence to
be isotropic over the 4 solid angle. We obtain 30 nW of blue light for 1 mW
of pump power, which corresponds to 1% absorption [using equations (4.5)
and (4.4)]. This agrees very well with the theoretically calculated value.
Figure 4.6 shows the measured blue fluorescence versus input pump power,
in which the power of the two counter-propagating pump beams are varied
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Figure 4.5: Blue fluorescence signal detected by the PMT. Fluorescence
peaks corresponding to each of the hyperfine ground states of
85Rb and 87Rb are observed as the pump laser is scanned in fre-
quency. Since the two beams are perfectly counter-propagating
in the fiber, all the peaks are Doppler-free. The peaks are ho-
mogeneously broadened due to the short transit time (5 ns) of
the Rb atoms across the 6-m core of the fiber.
from 100 W to 500 Wusing AOM-1. We observe that the blue fluorescence in-
creases quadratically with the intensity of the pump beams, as expected for TPA.
We experimentally determine the two-photon cross-section, (2) to be 5  10 20
cm4=W for the 85Rb 5S 1=2 ! 5D5=2 transition, which agrees with the theoretically
calculated value taking into account the short transit-time of the Rb atoms as
the dominant decay rate.
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Figure 4.6: Quadratic dependence of two-photon fluorescence on pump
power. Blue fluorescence signal (black dots) detected by the
PMT as the pump laser power is varied using AOM-1 when
the laser is tuned to the 5S 1=2 ! 5D5=2 (F = 3 to F0) two-photon
transition of 85Rb. The solid red line shows the expected square
dependence of two-photon absorption on intensity.
4.7 Direct measurement of TPA
Due to the enhanced TPA in Rb-PBGF system, we can directly measure and
quantify the amount of absorption from the pump beams. We use a lock-in
detection method since the signal-to-noise ratio in our system is low. We use
AOM-2 driven by a square wave at 25 kHz to modulate one of the counter-
propagating beams. A pick-off beam from the other beam is detected using
a photodiode and the output is sent to a lock-in amplifier. Figure 4.7 shows
the result of our measurement, and with an input pump power of 1 mW and
an OD  100, we observe 1% absorption. This is in good agreement with our
estimate of the amount of TPA from the experimental data of blue fluorescence
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Figure 4.7: Direct measurement of TPA. Circles (blue) show the data from
the direct measurement of two-photon absorption from one of
the pump beams using a lock-in detector as the pump laser
is scanned across the 5S 1=2 ! 5D5=2, Fg=3 to Fe two-photon
transition of 85Rb (778.1055 nm). The solid (black) line shows
the fit of a sum of five Lorentzians which correspond to each of
the hyperfine lines. The homogeneous linewidth is estimated
to be 7310 MHz.
measurement and with our theoretical estimation of TPA.
The absorption lines can also be analyzed to determine the homogeneous
linewidth. We fitted a sum of five Lorentzians corresponding to the hyper-
fine lines (Fg=3 to Fe=1,2,3,4,5) of the 5S 1=2 ! 5D5=2 transition. The estimated
linewidth is 7310 MHz, and represents a direct measurement of the homo-
geneous linewidth of Rb atoms confined to a hollow-core PBGF. We also note
that the homogeneous linewidth (which is determined by transit-time broad-
ening) is slightly different from system (Rb-PBGF) to system [68]. This might
be due to the fact that the Rb nanoclusters adsorbed on the inside walls of
56
the fiber are heated and evaporated at slightly different power levels [66, 67],
which results in the corresponding temperatures and therefore the thermal ve-
locities of the Rb vapor being slightly different. Nevertheless, the amount of
off-resonance two-photon absorption is substantially high for such low pump
powers, which demonstrates the potential of the Rb-PBGF system for explor-
ing novel classical and quantum nonlinear effects at low powers. If we perform
an on-resonance non-degenerate TPA [91] with counter-propagating 780.2 nm
and 776 nm beams, we theoretically expect to see a 108 enhancement over the
off-resonance TPA. Such a scheme can be used for all-optical switching at low
photon number, and this is investigated in more detail in the next chapter.
4.8 Summary and conclusion
In summary, we demonstrate efficient Doppler-free degenerate TPA in Rb vapor
confined to a PBGF. We observed 1% TPA with a 1-mW incident pump power.
This represents an enhancement of 4 to 5 orders of magnitude over similar ex-
periments in bulk vapor cells [89, 92, 96]. Further, these results can readily be
improved by several orders of magnitude by performing the on-resonance TPA,
which will allow for two-photon effects at sub-nanowatt input power levels.
We have also been able to measure the transit-time broadening in a more direct
manner. Moreover, our system enables us to explore a wide range of ODs and
pump intensities in a controllable manner [66]. Accessing TPA resonances in
this system shows promise for exploring quantum nonlinear effects at ultralow
powers such as single-photon all-optical switching and generation and mea-
surement of non-classical states of light without the usual associated issues of
inhomogeneous broadening, linear absorption and spontaneous emission noise.
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CHAPTER 5
FEW-PHOTON ALL-OPTICAL INTENSITY MODULATION
In this chapter, we describe the demonstration of 25% all-optical modula-
tion with <20 photons, i.e., a few attojoules of energy, using non-degenerate
two-photon absorption in our Rb-PBGF system. An attenuation of up to 3 dB
is induced on an optical field with a switching energy density of less than one
photon per (2=2). We show that the temporal response of the system is deter-
mined by the 5-ns transit time of the atoms across the optical mode of the fiber,
which results in a modulation bandwidth up to 50 MHz.
5.1 Non-degenerate two-photon absorption
Non-degenerate two-photon absorption (TPA) is the simultaneous absorption
of two photons from two different light fields (one from each) and results in a
resonant transition from the ground state to an excited state. Many interesting
two-photon processes and their applications, such as all-optical switching [87],
generation of single photons [27], measurement of coherence and photon statis-
tics [86], and precision spectroscopy [85], require a significant TPA at low power
levels. For example, it has been shown that the quantumZeno effect can be used
to implement optical logic gates for classical and quantum computing, where
the Zeno effect is produced using a strong TPA medium [28]. Figure 5.1 shows
how a TPA medium can be used for all-optical modulation, where a control
field induces amplitude modulations on an otherwise transparent signal field.
Alkali atoms such as Rb can have relatively large two-photon cross-sections due
to near-resonant enhancement and the high oscillator strengths of their transi-
tions. Nevertheless, TPA experiments in bulk alkali vapor cells require rela-
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Figure 5.1: All-optical modulation via non-degenerate two-photon ab-
sorption (TPA). A control field induces modulations on a con-
tinuous wave (CW) signal field while passing through a TPA
medium. The atoms in the medium, which could be confined
to a waveguiding geometry, undergo TPA when the signal and
control fields are both present simultaneously. The signal field,
which is transparent to the medium under normal conditions,
is attenuated in the presence of the control field.
tively high powers to generate measurable effects [89]. Waveguide geometries,
such as hollow-core PBGFs filled with an alkali vapor or tapered optical fibers
with an ambient thermal vapour of alkali atoms, can enhance nonlinear interac-
tions greatly and significantly reduce the threshold for observing TPA [97, 91].
Here we describe the observation of large TPA at sub-nanowatt power lev-
els at the 85Rb 5S 1=2 ! 5D5=2 two-photon transition using a near-resonant, non-
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degenerate scheme in our Rb-PBGF system. This system demonstrates that as
few as 20 photons can induce appreciable all-optical modulation on another
beam and that it can be used to explore novel classical and quantum nonlinear
effects at ultralow powers. In addition, we measure a fast response time of a
few nanoseconds that can yield large modulation bandwidths. Our fiber-based
system uses thermal atoms, is relatively simple and easier to control andmanip-
ulate than more complicated and elaborate cold atomic clouds [15, 16, 17] and
cavity-based setups [41, 42], and holds promise for integration with fiber-optic
communication networks [48].
5.2 TPA level scheme
The relevant energy levels of Rb and the two-photon level scheme are shown in
Fig. 5.2. An atom in the 5S 1=2 ground state can simultaneously absorb one pho-
ton at 780.2 nm (control) and another at 776 nm (signal) to make a resonant tran-
sition to the 5D5=2 excited state. By using a counter-propagating configuration,
one can eliminate Doppler broadening in the TPA signal [89]. A small fraction
of the excited atoms can decay back to the ground state through the 6P3=2 level
emitting blue fluorescence. In the confined geometry here, most of the excited
atoms collide with the walls of the fiber and decay non-radiatively [97].
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Figure 5.2: TPA level scheme in 85Rb used for performing all-optical mod-
ulation. An atom in the ground 5S 1=2 state can simultaneously
absorb a photon each from the 780-nm control and 776-nm sig-
nal beams to make a resonant transition to the excited 5D5=2
state. The signal photon can only be absorbed if the control
photon is also present. A small fraction of the excited atoms
decay through the 6P3=2 level emitting blue fluorescence.
5.3 Nonlinear susceptibility
The imaginary part of the third-order susceptibility corresponding to TPA [40]
is given by
(3) ' N
2
1
2
2
"0~32
; (5.1)
where N is the atomic number density, 1 and 2 are the transition dipole mo-
ments for the 5S 1=2 ! 5P3=2 and 5P3=2 ! 5D5=2 transitions,  is the detuning
from the intermediate 5P3=2 level, and  is the homogeneous decay rate from the
5D5=2 level. In the Rb-PBGF system,  is determined by the transit time of the
atoms across the micron-scale core of the fiber (5 ns), which is much smaller
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than the excited-state lifetime (240 ns) [68, 97]. To maximize TPA, naively one
might reduce the detuning from the intermediate level  as much as possible
to resonantly enhance the interaction. However, since the 780-nm control beam
experiences ordinary linear absorption in addition to TPA, the optimal detuning
for maximal TPA is non-trivial.
5.4 Calculation of optimum detuning
To theoretically model non-degenerate resonant TPA in a counter-propagating
geometry, we numerically solve the following coupled nonlinear propagation
equations for the intensities IC and IS of the control and signal beams respec-
tively, taking into account the Gaussian velocity distribution of thermal atoms
in the fiber,
dIC
dz
=  IC   ICIS ; (5.2)
dIS
dz
= ICIS ; (5.3)
for 0 < z < L, where L 1 cm is the sample length,  is the linear absorption
coefficient and  is the TPA coefficient. We assume  is given by a Doppler
broadened Gaussian absorption profile as
() = OD exp(  
2
w2D
); (5.4)
where OD is the optical depth on resonance for the 5S 1=2 ! 5P3=2 (D2) transition,
 is the detuning of the control beam from line center, and wD is the Doppler
width, which is a function of the temperature of the atoms. For the Rb atoms
generated in the hollow core of the PBGF, wD  325 MHz [65]. We compute an
average  for a particular detuning  by integrating over the Gaussian velocity
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distribution of thermal atoms in the fiber. For an atom moving at velocity v, the
two-photon cross-section [40] at detuning  is
(2)(; v) =
21
2
2
"0~3((   kv)2 + 2) ; (5.5)
where k = 2= is the wavenumber. The average  is computed by integrating
over the thermal velocity profile as
() = N
Z +1
 1
(2)(; v) f (v)dv; (5.6)
where
f (v) =
1p
2vD
exp(  v
2
v2D
); (5.7)
is the thermal velocity distribution, vD = wD=k and N is the atomic density.
We thus compute both the linear [()] and two-photon [()] absorption
coefficients for a particular detuning  and then numerically simulate the non-
linear propagation equations (5.2) and (5.3) to calculate the amount of TPA ex-
pected at that detuning. Figure 5.3 shows the calculated TPA as a function of
the detuning from the intermediate 5P3=2 level for an OD = 100. It is evident
that maximum TPA is expected at   600 MHz and going closer to resonance
is deleterious because of the dominance of the linear absorption of the 780-nm
control beam over the TPA process. Our experimental observation is consistent
with this theoretical prediction.
5.5 TPA coefficient and its dependence on atomic density
For the Rb-PBGF system, using an OD 100 which corresponds to an atomic
density N = 21013 atoms/cm3 and a homogeneous decay rate   50 MHz due
63
S
ig
n
a
l 
A
b
s
o
rp
ti
o
n
Control Detuning (MHz)
Figure 5.3: Optimum detuning for non-degenerate TPA. Absorption of
the signal beam at two-photon resonance with varying detun-
ing of the control beam from the intermediate 5P3=2 level.
to transit-time broadening [68], we estimate an effective TPA coefficient  = 50
cm/W. We also studied the dependence of TPA on the atomic density/optical
depth (OD). From the simulation of equations (5.2) and (5.3), we conclude that
the ratio = plays a critical role in determining the amount of TPA in this sys-
tem. Figure 5.4 plots the TPA at different optical depths for a fixed  = 600MHz.
The amount of TPA for a specified amount of optical power is found to first in-
crease with OD but then saturate for OD &100; increasing the atomic number
further has no effect. We confirm this by measuring TPA at different optical
depths and observing that it is nearly independent of OD, which is consistent
with the theoretical prediction since = is independent of OD and atomic den-
sity.
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Figure 5.4: Dependence of TPA on optical depth. Absorption of the signal
beam at two-photon resonance with varying atomic density.
5.6 Experimental setup
The experimental setup is shown in Fig. 5.5. Hollow-core PBGFs (Crystal Fiber
AIR-6-800) are mounted inside a vacuum chamber with a Rb source attached.
The fiber has a 6-m diameter hollow core and guides light in the 750-810 nm
wavelength range with a fundamental mode area given by 10 7 cm2. The signal
and control beams (at 776 nm and 780.2 nm) have identical circular polariza-
tions and are coupled counter-propagating into the core of the fiber to eliminate
Doppler broadening. The 776-nm laser is scanned across the TPA resonances
while the 780-nm laser is tuned near the D2 line of 85Rb. Every Rb atom can
simultaneously absorb one photon from each of the two counter-propagating
beams, thus eliminating Doppler broadening. A 3-mW highly non-resonant va-
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por generation beam at 805 nmwith orthogonal polarization to the pump beams
is also coupled into the fiber to evaporate Rb nanoclusters adsorbed on the in-
side walls of the core [66, 67], and to generate a high OD 100. The OD gener-
ated is continuouslymonitored during the experiment using another laser at 795
nm scanning across the Rb D1 line. This low power beam scans across a different
hyperfine transition, 5S 1=2 ! 5P1=2 (F = 2 ! F0), and does not interfere with the
TPA process. A pick-off is used to directly measure the absorption from the 776-
nm pump beam after it exits the fiber using a sensitive photodetector. In addi-
tion, for pulsed measurements, an electro-optic amplitude modulator driven by
a function/waveform generator is used to make square pulses of varying dura-
tion (5 - 200 ns) from the 776-nm signal beam. The time period of the pulse train
is kept at least 5 times the pulse width for each measurement. The peak power
in the signal beam pulses is kept the same (5 nW) for each measurement run.
The 776-nm laser is also slowly scanned in frequency across the TPA resonance,
so that there are many pulses for each detuning. The 780-nm control beam is
kept CW and at the same power (5 nW) for all the measurements. The average
power of the signal beam after exiting the PBGF is measured using a sensitive
but slow detector, and the amount of absorption induced at two-photon reso-
nance is deduced. This procedure is repeated for each different value of the
pulse width.
5.7 Observation of ultralow power TPA
Figure 5.6 shows the transmission of the signal beam as it was scanned across
the 5P3=2 ! 5D5=2 line of 85Rb. The control beam was tuned to a frequency 600
MHz to the blue of the 5S 1=2 ! 5P3=2 (F = 3 ! F0 = 4) transition. This detun-
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Figure 5.5: Experimental setup for few-photon all-optical modulation.
The polarizations of the signal and control beams are made
identical (circular) using polarization beam splitter (PBS) cubes
and quarter (/4) waveplates, and the beams are then coupled
counter-propagating into the fiber. A pick-off is used to mon-
itor the transmission of the signal beam using a sensitive pho-
todetector (PD). A strong (3 mW) off-resonant vapor genera-
tion beam is also coupled into the fiber to generate the desired
atomic density and optical depth. The optical depth is moni-
tored during the experiment using a weak 795-nm beam scan-
ning across the D1 resonance of Rb. An electro-optic modula-
tor (EOM) driven by a function/waveform generator is used
to make square pulses from the signal beam for the pulsed
measurement shown in Fig. 5.7. An acousto-optic modulator
(AOM) driven by another function generator is used to ramp
the power of the control beam as a sawtooth wave for the mea-
surement shown in Fig. 5.8.
ing was observed to give the maximum TPA, as expected from our theoretical
calculation, and tuning closer to resonance decreased the effect due to linear ab-
sorption of the control beam. We observed 25% absorption with less than 2 nW
of total power in the fiber. The powers in the signal and control beams were 600
pW and 825 pW, respectively. A transit-time limited transmission profile is of
the form
T (!) = 1   A exp( j!j); (5.8)
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Figure 5.6: Ultralow power TPA. Transmission (red dots) of the signal
beam as it is scanned across two-photon resonance showing
25% absorption with 1.4 nW of total power in the fiber. The
powers in the signal and control beams are 600 pW and 825
pW, respectively. The control beam is tuned 600 MHz from the
5S 1=2 ! 5P3=2 (F = 3 ! F0 = 4) transition. The OD attained in
the fiber is 200. The Doppler-free lineshape is homogeneously
broadened due to the short transit time of the Rb atoms across
the fiber core. The solid black line shows a fit produced by
summing five exponential lineshapes corresponding to the ac-
cessible hyperfine states of 5D5=2 level, from which the transit
time  was determined to be 5.3 ns.
where ! is the detuning from two-photon resonance and  is the transit-
time [98]. We fit the data in Fig. 5.6 to a sum of five exponential functions
corresponding to the hyperfine states (F0 = 1, 2, 3, 4, 5) of the excited 5D5=2
level in 85Rb and extract the transit-time to be 5.3 ns. This agrees very well with
our previous measurement of the transit-time in a Rb-PBGF system [68, 97]. We
also extract the TPA cross-section (2) to be 5  10 12 cm4=W, which agrees with
the theoretically calculated value taking into account the transit time of the Rb
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atoms as the dominant decay rate and averaging over the Doppler profile.
5.8 Response time and modulation bandwidth
In order to confirm that the response time of our system is comparable to the
transit time, we set up a pulsed measurement. An electro-optic modulator
(EOM) is used to amplitude modulate the signal beam [see Fig. 5.5] and make
square pulses of varying duration (from 5 - 200 ns), and the TPA is measured
for each pulse width. The powers in the two beams were kept 5-10 times higher
than in the previous CWmeasurement to improve the signal-to-noise ratio. The
TPA is found to reduce with decreasing pulse width, with a profile as shown in
Fig. 5.7.
We also theoretically calculate the absorption for each pulse width by aver-
aging the homogeneously broadened absorption profile over the pulse band-
width. A transit time limited absorption profile is given by A(!) = A0e j!j,
where ! is the detuning from two-photon resonance and  is the transit-
time [98]. The absorption A0, at two-photon resonance, is determined from the
numerical simulation of the nonlinear propagation equations (5.2) and (5.3), for
a specific set of signal and control beam powers and optical depth. The power
spectrum of a square pulse of duration T is given by [99],
F(T; !) = N0sinc2

!T
2

; (5.9)
where sinc(x) = sin(x)=(x), and N0 is a normalization constant such thatR +1
 1 F(T; !)d! = 1. For a pulse of duration T , the effective TPA at two-photon
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Figure 5.7: Pulsed TPAmeasurement. Absorption (red dots) of the pulsed
signal beam at two-photon resonance versus pulse width. Er-
ror bars indicate measurement noise (one standard deviation).
An amplitude modulator is used to create square pulses of
varying duration (from 5 - 200 ns) from the signal beam, and
the TPA is measured for each pulse width. The peak power
in the signal pulses is kept the same (5 nW) for each measure-
ment run. The control beam is kept CW and at the same power
(5 nW) for all the measurements. The experimental data agree
very well with the theoretically predicted curve (dotted black
line) for a transit time  = 5 ns of the Rb atoms across the fiber
core and corroborates that the response time of the system is
determined by the transit time.
resonance is calculated as
A(T ) =
Z +1
 1
F(T; !)A(!)d!; (5.10)
In Fig. 5.7, the dotted black line plots A(T ) for T varying from 1 - 300 ns with
no additional fitting parameters. The experimental data agree very well with
the theoretically predicted curve for a transit time  = 5 ns. As there are no
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fitting parameters in the theory curve, the pulsed measurement concurs with
the CW linewidth measurement to confirm the response time of our system as
5 ns. Modulation bandwidths up to 50 MHz are thus possible even with this
sensitive scheme.
5.9 Few-photon switching
We calculate the effective number of photons interacting within the response
time  of the system for a particular power P as
NP =
P
hc=
; (5.11)
where hc= is the energy of one photon. Thus, for P = 600 pW and  = 776
nm, NP  12, and for P = 825 pW and  = 780 nm, NP  16. This implies on
average only 12 and 16 photons in the signal and control beams, respectively,
are interacting with the atoms within the transit time, for the 25% modulation
shown in Fig. 5.6. The switching energy is NPhc=, which for the 780-nm control
beam corresponds to 5 aJ.
Finally, we measured the attenuation induced on the CW signal beam with
varying power of the control beam at two-photon resonance. An acousto-optic
modulator (AOM) is used to amplitude modulate the control beam [see Fig. 5.5]
and ramp its power as a sawtooth wave. Figure 5.8 shows the data for one
continuous ramp. The switching energy density is calculated as
NP
A
 
2
2
!
; (5.12)
where A  10 7 cm2 is the optical mode area. We observe larger attenuation in
the signal beam with higher control beam power, and up to 3 dB attenuation is
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Figure 5.8: Dependence of modulation depth on control beam power.
Transmission (red dots) of the signal beam at two-photon reso-
nance with varying power in the control beam. An amplitude
modulator ramps the power of the control beam as a sawtooth
wave. The data are shown for one continuous ramp. Up to 3
dB attenuation in the signal beam is observed with less than 5-
nW of control power which corresponds to an energy density
less than one photon per (2=2). The solid black line shows the
theoretical prediction from numerical simulation of the nonlin-
ear propagation equations.
achieved with less than 5-nW power, which corresponds to an energy density
of less than one photon per (2=2). The experimental data match the theoretical
trend reasonably well.
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5.10 Summary and conclusion
In summary, we demonstrate few-photon all-optical modulation using non-
degenerate TPA in thermal Rb atoms confined to a hollow core PBGF. We show
25% attenuation of a signal beam with a switching energy of only 5 attojoules,
corresponding to about 16 photons. The switching energy density is less than
one photon per atomic cross-section. We also characterize the time response
of the system to be 5 ns, which enables large modulation bandwidths up to 50
MHz for a highly sensitive atomic vapour-based scheme. Our results compare
favourably with those achieved in previous experiments, including more elabo-
rate and complicated cold atom setups [14, 15, 16, 17]. Moreover, our system en-
ables us to explore a wide space of atomic density and optical intensity in a con-
trollable manner and holds promise for integration with fiber-optic communica-
tion networks [48]. These results show the potential of a Rb-PBGF system for ex-
ploring quantum nonlinear effects at ultralow powers such as single-photon all
optical switching, generation and measurement of non-classical states of light
and accessing higher-order nonlinear susceptibilities.
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CHAPTER 6
CROSS-PHASE MODULATION AT THE FEW-PHOTON LEVEL
In this chapter, we describe the production of relatively large cross-phase
shifts (XPS) on a meter beam with <20 signal photons using our Rb-PBGF
system. Through use of a non-degenerate near-resonant two-photon transi-
tion, an XPS of 0.3 milliradian per signal photon with a fast response time
of <5-ns is induced in our system. This represents, to our knowledge, the
largest such nonlinear phase shift induced in a single-pass through a room-
temperature medium. Our system can thus potentially be employed to realize
weak-nonlinearity based quantum computation and quantum non-demolition
measurement of photon number.
6.1 Cross-phase modulation for quantum computing
Large cross-phase modulation (XPM) near the single-photon level [100, 101],
where one light field induces a nonlinear phase shift on another light field, is
desired for many quantum information applications. The ability to measure
properties of a light field without destroying it is a key requirement of many
quantum communication and computation protocols. A medium with large
third-order nonlinearity can be employed for QND measurement via the opti-
cal Kerr effect [29]. A meter wave propagating through the medium gets a non-
linear optical phase shift (XPS) proportional to the intensity of a signal wave.
By measuring the phase of the meter at the output the signal intensity, or pho-
ton number, can be determined. It was proposed that an exceptionally strong
Kerr medium, such that a single-photon in the signal causes a -radian phase
shift of the meter, can be used to build universal gates [30] and perform all-
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optical quantum computing [32]. Although atomic vapor based schemes using
electromagentically-induced transparency (EIT) have been proposed as possible
candidates to realize such quantum phase gates [11, 102], fundamental doubts
have been raised to the feasibility of a single-photon -phase shift [33, 103]. A
new paradigm for quantum computation has recently been proposed based on
weak-nonlinearities, where a strong coherent light field mediates interactions
between photons [34, 104]. This is a unified approach to quantum communica-
tion and computation, employing QND measurements of photons and robust
distribution of quantum information through intense laser fields. Such a pro-
tocol may be more feasible in terms of practical resources and the potential
for scalability to many qubits. Weak-nonlinearities can be exploited to build
photon-number resolving QND detectors [29, 105], and when coupled with
homodyne measurements and classical feed-forward elements, can be used
to construct nearly deterministic controlled-NOT (cNOT) gates [106] and non-
destructive Bell state detectors [107]. An XPS of 10 5 to 10 2 radians per photon
is typically desired to make these schemes feasible [34, 104, 105, 106, 107]. For
comparison, an XPS of 10 7 radians per photon was measured recently using a
nonlinear photonic crystal fiber [21].
Previous experiments exploring large XPM in atomic vapors have mainly
employed EIT-based schemes [35, 108, 109, 110], where the signal field spectrum
has to fit within the narrow EIT transmission window, resulting in timescales >1
s. Although these schemes provide large values of the nonlinear susceptibil-
ity, large optical mode areas have limited the XPSs achieved to 10 6 radians per
photon. Herewe describe the observation of large XPM (> 10 3 radianswith <20
photons) at the 85Rb 5S 1=2 ! 5D5=2 two-photon transition using a near-resonant,
non-degenerate, 3-level scheme [23, 111] in our Rb-PBGF system. We produce
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Figure 6.1: Cross-phase modulation (XPM) using a two-photon, 3-level
scheme in Rb vapor confined to a hollow core PBGF. A weak
circularly-polarized signal field induces a nonlinear phase shift
 on a linearly-polarized meter field while passing through a
medium of Rb atoms confined to a PBGF. Due to the selec-
tion rules of the two-photon transition used, the meter field
acquires a slight polarization rotation proportional to the in-
tensity of the signal beam.
large phase shifts of 0.3 milliradian per photon at relatively fast response times
of a few nanoseconds which can yield much larger phase modulation band-
widths as compared to other atomic vapor based setups [35, 108, 109, 110]. Our
fiber-based system uses thermal atoms at room temperature, is relatively simple
and easier to control and manipulate than more complicated and elaborate cold
atomic clouds [15, 16, 35, 109, 110] and cavity-based setups [100, 101], and holds
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Figure 6.2: 3-level scheme in 85Rb used for performing cross-phase mod-
ulation. A weak signal beam tuned close to the 5S 1=2 ! 5P3=2
transition imparts a phase shift on a strong meter beam on the
5P3=2 ! 5D5=2 transition through a cross-Kerr ((3)) interaction.
promise for integration with fiber-optic communication networks [48].
6.2 3-level scheme and nonlinear susceptibility
The energy level scheme in 85Rb used to perform XPM is shown in Fig. 6.2. A
weak signal beam (780.2 nm) tuned close to the 5S 1=2 ! 5P3=2 transition induces
XPS on a stronger meter beam (776 nm) tuned to the 5P3=2 ! 5D5=2 transition
due to the third-order Kerr nonlinearity. Since the entire atomic population is in
the ground 5S 1=2 state, the meter beam (tuned to the upper transition) does not
experience any self-phase modulation. The real part of the third-order suscepti-
bility corresponding to XPM [40] is given by
(3) ' N
2
1
2
2
"0~3
2
12
; (6.1)
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where N is the atomic number density, 1 and 2 are the transition dipole mo-
ments for the 5S 1=2 ! 5P3=2 and 5P3=2 ! 5D5=2 transitions, respectively, 1 is
the signal detuning from the intermediate 5P3=2 level, and 2 is the two-photon
detuning. The second-order index of refraction is related to the third-order sus-
ceptibility as
n2

cm2=W

=

2:82  106

(3); (6.2)
where (3) (in MKS units) is calculated using equation (6.1).
To maximize XPM, naively one might reduce the detunings 1 and 2 as
much as possible to resonantly enhance the interaction. However, it is necessary
to have 2 >>  to minimize loss due to two-photon absorption (TPA), where
  50 MHz is the TPA linewidth previously measured in our system [112].
Moreover, since the 780-nm signal beam experiences ordinary linear absorption,
the optimal detuning 1 is non-trivial.
6.3 Calculation of optimum detuning
The XPS induced on the meter beam, , for a given signal beam power, PS , is
given by
 = 2kMn2PS
Le f f
A
; (6.3)
where n2 is the second-order index of refraction, kM = 2=M is the wave-number
of the meter, M = 776 nm is the wavelength of the meter, Le f f is the effective
interaction length and A  10 7 cm2 is the optical mode area. The XPS thus
scales linearly with signal power. The effective interaction length is given by
Le f f =
1   exp(L)

; (6.4)
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Figure 6.3: Optimum detuning for cross-phase modulation using a 3-level
scheme. XPS induced on the meter beam with varying detun-
ing of the signal beam from the intermediate 5P3=2 level, for an
OD = 100 in the fiber and a given signal power.
where L  1 cm is the sample length and  is the absorption coefficient of the
signal. We assume  is given by a Doppler broadened Gaussian absorption
profile as
() = OD exp(  
2
w2D
); (6.5)
where OD is the optical depth on resonance for the 5S 1=2 ! 5P3=2 (D2) transition,
 is the detuning of the control beam from line center, and wD is the Doppler
width, which is a function of the temperature of the atoms. For the Rb atoms
generated in the hollow core of the PBGF, wD  325 MHz [65].
From equations (6.2) and (6.1), n2 for a particular detuning 1 = 2 =   ,
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where  is the TPA linewidth, is of the form
n2 '
n02
3
; (6.6)
where n02 _ OD is a constant.
We thus compute n2 (),  () and Le f f for a particular detuning using equa-
tions (6.6), (6.5) and (6.4), and then calculate the XPS induced at that detuning.
Figure 6.3 shows the calculated XPS as a function of the detuning from the inter-
mediate 5P3=2 level for an OD = 100. It is evident that maximum XPS is expected
around 700 MHz and going closer to resonance is deleterious because of ab-
sorption of the 780-nm signal beam. At this detuning, off-resonance absorption
of the signal corresponds to an effective OD  1 and tuning closer to resonance
results in significant absorption of the signal. For the Rb-PBGF system, using an
atomic density N = 2  1013 atoms/cm3 which corresponds to an OD  100, we
estimate an effective nonlinear refractive index n2 = 3  10 6 cm2/W.
6.4 Experimental setup
The experimental setup is shown in Fig. 6.4. A hollow-core PBGF (Crystal Fiber
AIR-6-800) is mounted inside a vacuum chamber with a Rb source attached.
The fiber has a 6-m diameter hollow core and guides light in the 750-810 nm
wavelength range with a fundamental mode area given by 10 7 cm2. The meter
and signal lasers at 776 nm and 780.2 nm, respectively are coupled counter-
propagating (to eliminate Doppler broadening of the XPM) into the core of the
fiber using 10x objectives. A 3-mW highly non-resonant vapor generation beam
at 805 nm is also coupled into the fiber to evaporate Rb nanoclusters adsorbed
on the inside walls of the core [66, 67] and to generate a high OD 100. The OD
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Figure 6.4: Experimental setup for few-photon cross-phase modulation.
The linearly polarized meter and circularly polarized signal
beams are coupled counter-propagating into the fiber. The me-
ter beam undergoes slight polarization rotation due to cross-
phase modulation from the weak signal beam. A polarizer
is used at the output to select the meter polarization orthog-
onal to that at the input, and measured with a photomultiplier
tube (PMT). An acousto-optic modulator (AOM) is used to am-
plitude modulate the signal at 25 kHz, and a lock-in ampli-
fier detects the cross-phase shift imparted on the meter at the
same frequency. A strong (3 mW) off-resonant vapor genera-
tion beam is also coupled into the fiber to generate the desired
atomic density and optical depth. The optical depth is moni-
tored during the experiment using a weak 795-nm beam scan-
ning across the D1 resonance of Rb. An electro-optic modulator
(EOM) is used to make square pulses of varying duration from
the meter beam for pulsed measurements.
is continuously monitored during the experiment using another laser at 795 nm
scanning across the Rb D1 line. The signal is circularly polarized (+), and the
meter is linearly polarized (x = ++ ) at the input. Due to the relative values of
the transition dipole moments of the 5S 1=2 ! 5D5=2 two-photon transition [113],
only the + component of the meter primarily experiences XPS. As a result, the
polarization of the meter at the output of the fiber is + + e i   x   (=2)y
(for  << 1), where  is the XPS in radians. The meter thus acquires a slight
polarization rotation proportional to the XPS induced. A polarizer then selects
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only the y-component of the meter polarization for detection to deduce the XPS.
An acousto-optic modulator (AOM) is used to amplitude modulate the signal
at 25 kHz, and a lock-in amplifier is utilized to detect the XPS imparted on the
meter at the same frequency to improve the signal-to-noise ratio. The power in
the meter beam is kept between 1 and 10 W for all measurements.
In addition, for pulsed measurements, an electro-optic amplitude modulator
(EOM) driven by a function/waveform generator is used to make square pulses
of varying duration (5 - 200 ns) from the 776-nm meter beam. The time period
of the pulse train is kept at least 5 times the pulse width for each measurement.
The peak power in the meter beam pulses is kept the same (10 W) for each
measurement run. The 780-nm signal beam is kept CW and at the same power
(20 nW) for all the measurements. After exiting the PBGF, the polarization of the
meter orthogonal to that at the input is selected, the average power is measured
using a sensitive but slow detector, and the amount of XPS is deduced. This
procedure is repeated for each different value of the pulse width.
6.5 Non-demolition measurement of signal power
Figure 6.5 shows the XPS imparted on the meter as the signal is scanned in
frequency to the blue of the 5S 1=2 ! 5P3=2 (F = 3 ! F0 = 4) transition. The
meter beam has a fixed frequency such that 1 = 2. The data are shown for
one continuous scan. Tens of milliradians of phase shift are observed even for
detunings greater than 1 GHz from line center. The signal absorption at these
detunings is <1%, so this is truly a non-demolition measurement of the signal
intensity. The deviation of the experimental data from theory is due to slow
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Figure 6.5: Non-demolition measurement of signal power. Cross-phase
shift (XPS) imparted on the meter beam (red dots) versus de-
tuning from two-photon resonance. The data are shown for
one continuous scan of the laser. Tens of milliradians of phase
shift are observed even for detunings greater than 1 GHz from
line center. The signal absorption at these detunings is <1%.
The signal power is 50 nW, and the OD in the fiber is 50. The
power in the meter beam is 2 W. The solid black line shows
the theoretical calculation taking into account the Doppler ab-
sorption profile of the atoms in the fiber core. The deviation
of the experimental data from theory is due to slow drifts in
the coupling and polarization maintenance of the PBGF as the
laser is scanned in frequency at a rate of 10 Hz.
drifts in the coupling and polarization maintenance of the PBGF as the laser is
scanned in frequency at a rate of 10 Hz.The signal power was 50 nW, while the
meter power was 2 W, and the OD in the fiber was 50. The XPS increases closer
to resonance as expected from theory, but also results in greater absorption of
the signal.
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6.6 Response time and modulation bandwidth
In order to determine the response time of our system, we set up a pulsed mea-
surement. An electro-optic modulator (EOM) is used to amplitude modulate
the meter beam [see Fig. 6.4] and make square pulses of varying duration from
5 - 200 ns, and the average XPS is measured for each pulse width. The power
in the meter beam was kept 5 times higher than in the previous CW measure-
ment to improve the signal-to-noise ratio. The signal detuning 1 and the two-
photon detuning 2 were both kept at 700 MHz for each measurement, where
off-resonance absorption of the signal corresponds to an effective OD  1. As
the pulse width is reduced, the XPS decreases with a dependence as shown in
Fig. 6.6.
We also theoretically calculate the XPS for each pulse width by averaging
the nonlinear susceptibility spectral profile (plotted in Fig. 6.3) over the pulse
bandwidth. The power spectrum of a square pulse of duration T is given by [99],
F(T; !) = N0sinc2

!T
2

; (6.7)
where sinc(x) = sin(x)=(x), and N0 is a normalization constant such thatR +1
 1 F(T; !)d! = 1.
If the center frequency of the pulse corresponds to a detuning , the XPS
induced at  + !,  ( + !), is calculated using the procedure described above
involving equations (6.4), (6.5) and (6.6). For a pulse of duration T , the effective
XPS induced at the detuning  is calculated as
(T ) =
Z +1
 1
F(T; !)( + !)d!; (6.8)
In Fig. 6.6, the solid black line plots (T ) for T varying from 1 - 300 ns for  =
700 MHz with no additional fitting parameters.
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Figure 6.6: Pulsed XPM measurement. Average cross-phase shift (XPS)
(red dots), relative to CW, imparted by the signal for varying
pulse widths of the meter. Error bars indicate measurement
noise (one standard deviation). Square pulses of the meter
at 20% duty cycle are made using an electro-optic modulator
(EOM). The signal detuning 1 and the two-photon detuning
2 were both kept at 700 MHz for each measurement. The
peak power in the meter beam pulses is 10 W and the CW
signal power is 20 nW for each measurement run. The system
response time is observed to be <5 ns, enabling phase modu-
lation bandwidths >50 MHz. The experimental data are in ex-
cellent agreement with the theoretically predicted curve (black
line).
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The experimental data agree very well with the theoretically predicted
curve, and the XPS remains close to the CW value for pulse widths down to
5 ns. As there are no fitting parameters in the theory curve, the response time of
our Rb-PBGF system for this XPM scheme is thus <5 ns, indicating that phase
modulation bandwidths greater than 50 MHz are therefore possible even with
such a sensitive scheme.
6.7 Few-photon cross-phase modulation
Finally, we measured the XPS induced on the meter beam with varying power
of the signal beam for an OD  100 in the fiber. For each measurement, the
signal detuning 1 and the two-photon detuning 2 were both kept at 700 MHz,
and the power in the meter beam was 10 W. As expected from equation (6.3),
the XPS has a linear relationship with signal power as shown in Fig. 6.7. A few
milliradians of phase shift is measurable even for sub-nanowatt signal power.
The experimental data agrees well with the theoretical calculation.
We calculate the effective number of photons interacting within the response
time  of the system for a particular power P as
NP =
P
hc=
; (6.9)
where hc= is the energy of one photon. Thus, for P  0.8 nW and  = 780 nm,
taking   5 ns, we get NP  16 (the lowest point in the data of Fig. 6.7 in the
main text). We thus measure a 5 milliradian phase shift for only 16 signal
photons. The switching energy is NPhc=, which corresponds to only 5 aJ of
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Figure 6.7: Large cross-phase modulation at the few-photon level. Cross-
phase shift (XPS) imparted on the meter (red dots) as a func-
tion of average signal power (and average number of signal
photons in a 5-ns pulse). Error bars indicate measurement
noise (one standard deviation). An OD100 is produced in
the fiber for each measurement. The power in the meter beam
was 10 W for each measurement. A 5 mrad phase shift is
measured for 16 signal photons, corresponding to 5 aJ of
energy. The solid black line shows the theoretical prediction,
and the slope corresponds to an XPS of 0.3 mrad per signal
photon, which to our knowledge, represents the largest such
nonlinear phase shift induced in a single-pass through a room-
temperature medium.
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signal energy. The number of photons per atomic cross-section is calculated as
NP
A
 
32
2
!
; (6.10)
where A  10 7 cm2 is the optical mode area. Thus P  0.8 nW corresponds to
an energy density much less than one photon per atomic cross-section. From
the slope of the solid black line in Fig. 6.7, we infer an XPS of 0.3 milliradian per
signal photon, which to our knowledge, represents the largest such nonlinear
phase shift induced in a single-pass through a room-temperature medium.
6.8 Summary and conclusion
In summary, we demonstrate large XPM at the few-photon level using a non-
degenerate, two-photon transition in thermal Rb atoms confined to a hollow-
core PBGF. A few milliradians of phase shift is induced on a meter beam with
<20 signal photons, corresponding to a few attojoules of energy. The signal en-
ergy density is much less than one photon per atomic cross-section. We also
characterize the time response of the system to be <5 ns, which enables large
modulation bandwidths of >50MHz for a highly sensitive atomic vapour-based
scheme. A nonlinear refractive index value of n2 = 3  10 6 cm2/W and a
phase shift of 0.3 milliradian per signal photon are inferred. Our system is thus
able to access the regime where it can potentially be employed to realize weak-
nonlinearity based quantum computing gates [34, 104, 105, 106, 107] and quan-
tum non-demolition measurement of photon number [29, 105]. Our results with
’hot’ atoms compare favourably with those achieved in previous experiments,
including more elaborate and complicated cold-atom setups [35, 109, 110].
Moreover, our system enables us to explore a wide space of atomic density and
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optical intensity in a controllablemanner and holds promise for integrationwith
fiber-optic communication networks [48]. These results show the potential of a
Rb-PBGF system for exploring quantum nonlinear effects at ultralow powers.
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CHAPTER 7
FUTURE DIRECTIONS
In this chapter, we discuss some possible future experiments that may be
pursued using the Rb-PBGF system and some new directions to explore follow-
ing the work reported in this thesis.
7.1 Coherent photon conversion
We explore the feasibility of a Rb-PBGF system to perform coherent photon
conversion (CPC), a scheme recently proposed for realizing efficient quantum
computing [114]. The basic idea behind CPC is to combine a third-order non-
linearity (3) with an intense coherent field (pump) to realize a large effective
second-order nonlinearity (2)e f f . Using this large engineered 
(2)
e f f , photons can
be coherently converted from one mode into two new modes, yielding new ef-
fective ways to generate and process states for photonic quantum computing.
CPC can potentially be employed to realize deterministic multi-qubit entangle-
ment gates (such as the universal controlled-phase gate), generate high-quality
heralded single and multi-photon states, and improve single-photon detection
efficiencies [114].
Consider a four-wave-mixing (FWM) interaction in a (3) medium involving
four different field modes a, b, c and d,
Hˆ = ~aˆbˆycˆydˆ + h:c:; (7.1)
where the coupling strength  is given by
 =
ce f f~!

: (7.2)
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Here e f f is the effective nonlinearity of the (3) medium (units of W 1m 1), !
is the angular frequency of the optical field(s), and  is the inverse of the band-
width of the field modes (or the pulse width in time). The effective nonlinearity
of the medium e f f is given by [40]
e f f =
2

n2
A
; (7.3)
where  is the optical wavelength, n2 is the second-order index of refraction
(giving rise to the intensity dependent refractive index), and A is the optical
mode area. The n2 is related to (3) as [40]
n2

cm2=W

=

2:82  106

(3); (7.4)
where (3) is in MKS units.
Pumping mode d in equation (7.1) with a bright classical beam yields an
effective (2) interaction
Hˆe f f = ~ aˆbˆycˆy + h:c:; (7.5)
where the effective coupling strength   is given by
  = 
p
NP: (7.6)
Here NP is the average number of pump photons per pulse of width  in mode
d.
Under an interaction such as (7.5), an input state j100i (corresponding to one
photon in mode a, and none in modes b and c) will evolve to cos( t)j100i +
i sin( t)j011i after an interaction time t. To implement complete Rabi oscillations
between j100i and j011i, which is required for applications like controlled-phase
gates [114], it is thus desired to have  t  =2.
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Figure 7.1: Four-wave mixing (FWM) level scheme in 85Rb for perform-
ing coherent photon conversion (CPC). An atom in the ground
5S 1=2 state undergoes a parametric nonlinear process involving
a strong pump field and three weak (single-photon level) fields
a, b and c.
In the experiment reported in [114], a nonlinear photonic crystal fiber was
used as the FWMmedium. The fiber had a e f f  0.1 W 1m 1 at   700 nm. For
  10-ps pump pulses at a repetition rate of 76 MHz, and an average power of
1 W corresponding to NP  1010 photons, they get    105 s 1. Using a fiber
length z = 50 cm, corresponding to a propagation/interaction time t  10 9 s,
results in  t  10 4.
We consider here the possibility of using our Rb-PBGF system to implement
CPC with much higher efficiency. We propose a FWM interaction using the
5S 1=2 ! 5P3=2 ! 5D5=2 cascade of 85Rb, as shown in Fig. 7.1.
The nonlinear susceptibility for such a scheme is given by [40, 115]
(3) ' N
2
1
2
2
"0~3123
; (7.7)
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where N is the atomic number density, 1 and 2 are the transition dipole mo-
ments for the 5S 1=2 ! 5P3=2 and 5P3=2 ! 5D5=2 transitions, 1;2;3 are the one-,
two- and three-photon detunings, respectively, as shown in Fig. 7.1. An optical
depth of 100 is routinely achieved in the Rb-PBGF system [65], corresponding
to an atomic density N = 2 1013 atoms/cm3. The Doppler width of the thermal
atoms generated in the fiber core is  325MHz [65]. The frequencies of the input
fields, i.e. the pump and mode a, are set such that 1  2  2 GHz. This is done
to obtain a near resonant enhancement but also be far enough detuned to avoid
linear and nonlinear absorption and spontaneous emission losses [115]. The
spontaneous FWM process has a probability of generating photons in modes b
and c distributed over a range of detunings 3. Although the nonlinear suscep-
tibility increases with decreasing 3 according to equation (7.7), the absorption
loss for the generated modes also increases. The net gain for modes b and c
after propagation through the medium is thus optimum for a detuning 3  2
GHz [115].
Using equations (7.7) and (7.4), we get an n2  10 7 cm2/W for the above
mentioned parameters. The PBGF has a 6-m diameter hollow core and guides
light in the 750-810 nm wavelength range with a fundamental mode area given
by 10 7 cm2. Thus, using equation (7.3), we get e f f  107 W 1m 1. Detunings
of   2 GHz would determine the response time of the system to be   1= 
100 ps. A peak pump power of 2 mW at  = 780 nm would then correspond
to NP  106 photons. Putting these values of e f f , NP and  into equations (7.6)
and (7.2), we get    1010 s 1. A typical sample length z  1 cm corresponds to a
propagation time t  10 10 s, giving  t  1.
The mW-level pump power required means that the experiment may be per-
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formed CW. To separate the different modes (modes a and b would be 4 GHz
apart, the same for mode c and the pump), high-finesse etalons (temperature-
controlled) may be employed. In addition, polarization separation may also be
used by using a scheme with cross-polarized modes (say the pump and mode a
having H-polarization, and modes b and c having V-polarization). One should
also note that the pump power cannot be increased arbitrarily to increase the
effective coupling strength as this would give rise to noise from unwanted pro-
cesses (e.g. FWM with two pump photons (modulation instability)). It is prob-
ably desirable to restrict pump power levels to mW or below.
The FWM process should be phase-matched if all four modes are co-
propagating in the fiber [115], since k = kpump + ka   kb   kc = 0, where ki ' !i=c
is the wavenumber of mode i. If one wants to use a counter-propagating ge-
ometry, the phase mismatch k would be minimum for the case when the
pump and mode c are propagating in one direction, and modes a and b are
propagating in the opposite direction (note that one still needs to separate the
two co-propagating modes in each direction which are 4 GHz apart). Then,
k = kpump   kc + kb   ka ' 2(1 +3)=c  2 cm 1, where 1;3  2 GHz. The walk-off
length L, corresponding to kL  1, would then be  0.5 cm. This is close to the
typical sample length (1 cm) in a Rb-PBGF system.
7.2 Quantum frequency conversion via Bragg scattering
Bragg scattering is a four-wavemixing (FWM) process with two non-degenerate
pumps that results in wavelength exchange between weak signal and idler
fields [116]. For each idler photon that is created, a signal photon is destroyed
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and vice-versa, causing an exchange in power between the two frequency
modes. Since the total signal plus idler power is conserved, vacuum fluctua-
tions are not amplified and quantum states of single-photons can be noiselessly
translated from one frequency mode to another [117]. Bragg-scattering thus acts
as a beam-splitter in frequency space, enabling creation of frequency superposi-
tion and entangled states for use in quantum computation and communication.
Such quantum frequency conversion is also important for connecting disparate
quantum system and building quantum networks because the optimum pho-
ton frequencies required for encoding, transmission, storage and detection of
quantum information may all be different from each other.
The Hamiltonian for a FWM Bragg-scattering interaction is given by
Hˆ = ~caˆbˆy + h:c:; (7.8)
where a is the signal mode, b is the idler mode,  = e f f
p
Pp1Pp2 is the coupling
strength, e f f is the effective nonlinearity of the (3) medium (units of W 1m 1),
and Pp1 and Pp2 are the powers of the two pump modes. Under such an inter-
action, an input state j10i (corresponding to one photon in mode a, and none in
mode b) will evolve to cos(z)j10i + i sin(z)j01i after an interaction length z. To
implement complete Rabi oscillations between j10i and j01i, which is required
for quantum information applications, it is thus desired to have z  =2.
In the experiment reported in [118], a nonlinear photonic crystal fiber was
used as the FWM medium and single-photon states were translated from  =
683 nm to  = 659 nm with 25% efficiency. The fiber had a e f f  0.1 W 1m 1
at   700 nm. Using a fiber length z = 20 m and average pump powers of 25
mW (100-ps pump pulses at a repetition rate of 76 MHz), they get z  0.5.
We consider here the possibility of using our Rb-PBGF system to implement
95
5S
5P
5D
1/2
3/2
5/2
776 nm
780 nm
a
Pump 1
b 776 nm
Pump 2
780 nm
1
2
3
Figure 7.2: Four-wave mixing (FWM) level scheme in 85Rb for perform-
ing quantum frequency conversion using Bragg scattering.
Atoms in the ground 5S 1=2 state undergo a parametric non-
linear process involving two strong pump fields, converting
single-photon states from the signal mode a to the idler mode
b.
quantum frequency conversion with much higher efficiency at much lower
pump powers. We propose performing Bragg scattering using the same FWM
interaction on the 5S 1=2 ! 5P3=2 ! 5D5=2 cascade of 85Rb, as shown in Fig. 7.2.
Again, if the frequencies of the input fields are set such that 1  2  3 2 GHz,
as in the CPC case discussed above, and for a typical optical depth  100, we
get e f f  107 W 1m 1 for our Rb-PBGF system. Low pump powers Pp1  Pp2 
10 W, and a typical sample length z  1 cm, can yield z  1. For Pp1  Pp2  30
W, one can get z  , thus covering the entire range of conversion from signal
to idler and back. Moreover, the experiment can be performed CW.
The phase-matching considerations are identical to those in the CPC case
discussed above, and the same techniques for separating the different modes
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may be employed. Since the pumps are 4-nm away from the signal and idler
modes, pump extinction may be easier to achieve in this case. One may also
interchange one of the pumps and the weak fields to get conversion between
776 nm and 780 nm, although pump extinction in this case will be more difficult.
7.3 Other general directions
Modifications to the Rb-PBGF system may be explored to increase light-matter
interaction and further enhance the nonlinear optical effects reported in this
thesis. Building a cavity around the fiber would both increase the intensity of
the light and the effective interaction length (or optical depth) by a factor of the
finesse. This may enable one to extend the four-wave mixing studies discussed
earlier and build an ultralow threshold optical parametric oscillator (OPO). A
finesse of 10 should result in an improvement in the all-optical switching using
two-photon absorption such that significant effects may be measurable at the
single-photon level. Such a cavity would also enhance the cross-phase shift
induced per photon for non-demolition measurements.
Another direction that may be pursued is to investigate techniques to push
the Rb atoms further down into the PBGF core and increasing the interaction
length beyond the current typical value of 1 cm, resulting in a larger OD. Pos-
sible techniques here could include light-induced-drift (LID) in the presence of
buffer gases [119] and/or introducing a vapor-generation beam from the side
of the fiber to evaporate the nanoclusters with higher optical power [67]. Fi-
nally, exploring avenues to reduce the ground-state decoherence rate of the Rb
atoms by increasing the transit-time across the fiber core, maybe again through
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collisions with a buffer gas [54, 67, 120], could also prove worthwhile.
In the long term, developing the technology to splice hollow-core PBGFs
containing adsorbed Rb nanoclusters inside to standard solid-core fibers in vac-
uum would be an intriguing prospect. This might lead to all-fiber Rb-PBGF
systems that can be operated in the ambient environment and easily integrated
into fiber-optic communication networks [48].
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APPENDIX A
RUBIDIUM ENERGY LEVELS
Figure A.1: Energy level structure of Rb. The ground state of the lone va-
lence electron is the 5S 1=2 level. The first few excited states are
shown along with the wavelengths of photons having energy
equal to the transition energies. The solid lines denote dipole-
allowed single-photon transitions. The dashed lines denote
higher order (two-photon) transitions. The dashed box on top
denotes the vacuum level. The ground 5S 1=2 state is hyperfine
split into two levels, and the splitting is different for the two
isotopes 85Rb and 85Rb. The experiments reported in this the-
sis employ the 5S 1=2 ! 5D5=2 two-photon transition at  = 778.1
nm (389.052), and also the 5P3=2 ! 5D5=2 transition at  = 776
nm, in addition to the D1 and D2 lines.
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